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Abstract
The actin cytoskeleton is a highly dynamic system responsible
for maintaining cell shape and rigidity. In endothelial cells, the actin
cytoskeleton undergoes a remarkable reorganization in response to
shear at the cell surface. This rearrangement likely occurs through
regulation of cytoskeletal dynamics.
This thesis presents a viable technology for the measurement
of two fundamental dynamic properties of the actin cytoskeleton,
actin monomer diffusion coefficients, and actin filament turnover.
The experimental method employed is photoactivation of
fluorescence (PAF). In these experiments, actin monomer is labeled
with a non-fluorescent fluorophore derivative (caged-actin) and
microinjected into living cells. After incorporation of the injected
actin into the endogenous cytoskeleton, a cell is flashed with a
narrow band of UV light converting the fluorophore in the band back
to its fluorescent parent. The subsequent decay of fluorescence is
monitored to infer information about monomer diffusion and
filament turnover.
The thesis proceeded through three developmental steps, 1)
the synthesis of caged-actin, 2) the design and assembly of the
necessary hardware for PAF experiments, and 3) the development of
a model of the steady-state dynamics of the actin cytoskeleton from
which the first comprehensive protocol for interpreting cytoskeletal
dynamics from PAF data records was prescribed.
A limited number of experiments on non-sheared endothelial
cells have been conducted. Results agree qualitatively with model
predictions and previous studies. Estimates of monomer diffusion
coefficients and filament turnover times agree with some estimates
available in the literature, but disagree with others. More
experiments may resolve these discrepancies.
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Chapter 1. Introduction
1.1 Background and Motivation
1.1.1 Atherosclerosis and the Role of Hemodynamics
Atherosclerosis is the primary cause of death in most of the
Western world (DHEW, 1981). The disease is characterized by a
narrowing of the lumen of medium and large size arteries due to the
presence of an atherosclerotic plaque. A plaque features a lipid core
emanating from the inner most layer of the arterial wall (intima),
and a fiberous cap made up of extracellular matrix materials.
Partially occluding plaques can result in regional atrophy and
discomfort due to a reduced blood supply (ischemia). They can
weaken the arterial wall creating a region of abnormal dilation
(aneurysm). Most significantly, plaques provide sites for thrombosis.
This can cause total occlusion at the site of the plaque, or the
generation of an embolism and occlusion downstream of the plaque.
Cerebral infarcts or strokes are caused by occlusion events in the
cerebral arteries, while myocardial infarcts or heart attacks are the
result of occlusion in the coronary arteries.
A monolayer of endothelial cells forms the interface between
flowing blood and the vessel walls of the cardiovascular system (fig.
1.1). When healthy, the monolayer presents a formidable barrier to
the deposition of lipids in the vascular wall. However, if the integrity
of the monolayer, is disturbed, either in form or function many
events required for the development of plaques have been shown to
follow (Munro and Cotran, 1988; Ross, 1986). Although frank
endothelial injury such as cell loss (desquamation) will induce
formation of plaques, the prevailing view today is that a change in
endothelial function induced by the hemodynamic environment is
the initial event in plaque formation (Gimbrone, 1989).
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Figure 1.1 Schematic of the blood vessel wall (Cotran et al., 1989)
The endothelium is a monolayer of cells that forms the inner surface
of the vessel.
The fact that the locations of atherosclerotic plaques are
strongly correlated with regions of disturbed blood flow is seen as a
key to finding the dysfunctions of endothelium leading to
atherosclerosis and the factors in the environment that induce them
(Ross, 1986; Gimbrone, 1987; Davies, 1988; Fuster et al., 1992).
These regions are found downstream of highly curved or bifurcating
branches of the arterial system (fig. 1.2). The flow field affects the
endothelium directly by establishing concentration gradients near
the vessel wall and by exerting pressure and shear stress on the
layer. Disturbed flow regions include features such as high vorticy,
reversed flow, and stagnation points, and consequently gradients in
concentrations, pressure, and shear stress not found elsewhere in the
arterial system (Karino and Goldsmith, 1980; Ku and Giddens, 1983).
Because reproducing such complex flow patterns in vitro or in situ is
difficult, research has proceeded by cataloging the responses of
endothelium to isolated aspects of this flow environment.
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Figure 1.2 Pattern of atherosclerotic plaque development in humans
(Spain, 1966). Plaques tend to form in regions of disturbed blood
flow such as downstream of bifurcations and highly curved branches
of the arterial system.
1.1.2 The Response of Endothelium to Hemodynamic Factors
Blood vessels dilate and contract in response to pulsating arterial
pressure. The endothelium, which senses this pressure and transmits
it to the vessel wall, is subjected to cyclic stretching. Endothelial cells
in vitro have been shown to exhibit numerous responses to cyclic
pressure/stretching. Most notably, ion channels have been shown to
be activated or deactivated (Davies and Tripathi, 1993; Lansman et
al., 1987).
Velocity profiles near the vessel wall in addition to
determining stress levels experienced by the cells, determine
concentrations at the cell surface and therefore the chemistry and
OF
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mass transport occurring there. A number of studies have
investigated this and found, in particular, that the shear flow has a
definite role in the delivery of nucleotides from the bulk fluid to the
endothelial surface (Shen et al., 1993; Dull et al., 1992; Nollert,
1991).
By far the most heavily investigated aspect of the flow field in
terms of regulatory influence on endothelium, has been shear stress,
and numerous responses have been found. The responses ranging in
time from seconds to days of applied shear are reviewed in Table
1.1. Some of the most dramatic adaptations are morphological. In
particular, endothelial cell shape is strongly influenced by shear,
going from polygonal to an oblong shape with the prominent
dimension aligned with the applied shear after 6-24 hours (Dewey e t
al., 1981) (fig. 1.3). In addition, marked changes in the organization
of the microfilament component of the cytoskeleton have been
documented in the same time frame (Dewey et al., 1981; Franke et
al., 1984; White et al., 1983, Satcher, 1993).
Considering the reputed role of the cytoskeleton in maintaining
and regulating cell shape, the changes observed in endothelial cell
shape are likely a passive result of the cytoskeletal rearrangement.
The cytoskeleton, as a regulator of cell shape and adhesion, plays an
important role in determining endothelial monolayer permeability.
Research has also suggested the cytoskeleton is a transducer of
mechanical forces (Davies and Tripathi, 1993), so many more
endothelial cell responses to shear may soon be correlated with the
cytoskeletal reorganization.
The details of the cytoskeletal rearrangement process must be
elucidated before its implications can be fully understood. This
thesis aims to provide some of these details through the introduction
of a technology for measuring cytoskeletal dynamics in living cells.
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Response Response Time Significance
K+ channel activation msec Earliest response to flow;
Related to vasorelaxation
Intracellular Ca++ rise. sees Ca++ as a second
Ca++ oscillations messenger for shear
stress transduction
Directional remodeling mins Cell attachment sites as
of focal adhesion sites transmitter and/or
transducers of stress
Cytoskeletal and > 2 hrs Produces cell
fibronectin realignment and
rearrangement perhaps transduction of
mechanical stress
Cell alignment in > 6hrs Minimizes drag on cells
direction of flow
Down-regulation of 12 & 48 hrs Altered cell adhesion;
fibronectin synthesis Platelet-endothelial
interactions
LDL metabolism 24 hrs Endothelial cholesterol
stimulated balance
Table 1.1 Responses of endothelium to shear stress (Adapted from
Davies and Tripathi, 1993). Note responses occur on time scales from
msecs to days.
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a) b)
Figure 1.3 Alignment of endothelial cells with flow (Davies et al.,
1986). a) In a static flow environment, the monolayer has a
cobblestone morphology. b) After chronic shear, cells become oblong
and align their longer axis with the flow direction.
1.2 The Endothelial Cytoskeleton
1.2.1 Composition
The three-dimensional matrix of fibers found spanning the
cytoplasm of eukaryotic cells - microfilaments, intermediate
filaments, and microtubules - along with many regulating proteins,
comprise the cellular system known as the cytoskeleton. The three
types of fibers are interconnected to form an integrated structure
with a variety of functions. The cytoskeleton is responsible for cell
shape and rigidity. It also plays an important role in functions
involving cell motions such as cell division, crawling, phagocytosis,
etc. The variable density of the cytoskeletal mesh determines the
location of organelles within the cell, and the fibers provide guides
for organelle movement. The cytoskeleton is a unique cellular
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structure in that it contacts every organelle from the nucleus to the
external membrane.
Microfilaments:
cortical actin and
Microtubules filament bundles
Figure 1.4 The endothelial cell cytoskeleton. The cytoskeleton is
comprised of the three types of filaments shown. Microfilaments
exist as a diffuse orthogonal meshwork (cortical actin) and filament
bundles.
The distribution of the cytoskeletal filaments in endothelium
resembles that of pseudopod forming cells in general (fig. 1.4).
Microtubules radiate peripherally from perinuclear organelles. They
are the least abundant of the three filament types in endothelial cells
(Satcher, 1993). Microtubules are most well known as the nucleus
dividing machinery during mitosis. They also perform a host of
other cellular functions including radial organelle transport and
psuedopod regulation and stabilization (Gotlieb et al., 1981; Daniels,
1975). The role of microtubules in maintaining cell shape is the
subject of some debate. In the tensegrity cytoskeletal model of
Ingber and Folkman (1989) these fibers are seen as the main
compression elements of the cytoskeleton, whereas Satcher (1993)
hypothesizes that the microtubule contributions to the gross
mechanical properties of the cell are negligible.
Intermediate filaments, so named because they are smaller
than microtubules and larger than microfilaments, form a meshwork
in the central regions of the cell. In eukaryotic cells in general, there
are many intermediate filament types derived from a variety of
protein subunits. In endothelial cells, however, vimentin is the only
intermediate filament protein present with a few exceptions
reported (Toccanier-Pele, et al. 1987; Fujimoto and Singer, et al.,
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1986). The functions of intermediate filaments are the most poorly
understood of the three filament types. Their primary role may be
as a mechanical linkage between the central and distal portions of
the cell (Bershadsky and Vasilieu, 1988; Gotlieb et. al, 1991).
Microfilaments, which comprise the bulk of the cytoskeleton in
eukaryotic cells, are localized towards the cell periphery. It is this
system of filaments that has been most often associated with cell
motility, adherence, and rigidity. Microfilaments are formed from
the protein actin. In its unpolymerized or monomer form, actin is
termed G-actin, while polymerized actin (microfilaments) is referred
to as F-actin. The small pore size of the microfilament meshwork
excludes organelles from much of the cell margin in a region called
the cell cortex. Few intermediate filaments and microtubules are
found in the cell cortex of endothelial cells (Satcher 1993; Wechezak
et al. 1989). The diffuse microfilament meshwork spanning
throughout the cell cortex is termed the cortical actin network. Actin
cross-linking proteins such as actin binding protein (ABP) provide
the structural links between cortical filaments resulting in nearly
orthogonal intersections with distances around 100 nm between
filaments (Hartwig and Shevlin, 1986). Microfilaments are also
found bundled in membrane associated structures. Stress fibers,
which are associated with stress adhesion complexes are one such
adhesion structure. Other examples include cilia, and actin bundles
in cell-cell contact complexes. Parallel binding proteins such as
alpha-actinin and fimbrin are responsible for these filament bundles
(Hartwig and Kwiatkowski, 1991).
1.2.2 Shear Induced Changes in the Endothelial Cytoskeleton
The microfilament network of endothelial cells undergoes
dramatic changes in response to shear, whereas the microtubule and
intermediate filament networks appear to undergo little alteration
(Satcher, 1993; Wechezak et al., 1989; Gotlieb et al., 1991).
Endothelial cells in confluent culture in a static or low shear
environment feature randomly oriented small stress fibers in the
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basal and central cell regions, a dense band of microfilaments at the
extreme periphery of the cell, and cilia on their apical surfaces. In
chronically sheared cells, the dense peripheral band (DPB) is
diminished, cilia disappear, and stress fibers increase in length,
thickness, and number, and orient with the flow direction (fig. 1.5)
(Langille et al., 1991; Kim et al., 1989; White and Fujiwara 1986;
White et al. 1986; Satcher 1993). Much detail about this
rearrangement is revealed in the electron microscopy work of
Satcher (1993). In particular, stress fibers are found to span the
vertical dimension of oriented cells, often passing over the nucleus.
Electron micrographs such as those in fig. 1.6 demonstrate that not
only stress fibers, but the also the bulk of the cortical system aligns
with the flow direction.
a) b)
Figure 1.5 Reorganization of F-actin bundles in response to shear
(Ookawa et al., 1991). a) In static or low shear environments,
microfilaments are localized in a peripheral band. b) In response to
chronic shear, the dense peripheral band is diminished and long,
thick, central stress fibers aligned with the flow direction are formed.
The time course of F-actin rearrangement in response to
suddenly imposed shear has also been studied. In an in vitro study
on porcine aortic endothelium at 20 dynes/cm 2 , Ookawa et al. (1991)
first report loss of peripheral actin and growth of central stress
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fibers at 3 hours. This rearrangement was much more evident at 6
hours, although shape change had only begun to occur. Experiments
were terminated at 24 hours with strong central stress fibers and
b)
Figure 1.6 Reorganization of cortical actin in response to shear
(Satcher, 1993). On this scale individual fibers are resolved. a) In
static cells, the cortical actin network displays a random orientation.
b) In response to chronic shear, the network aligns itself with the
flow direction.
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some recovery of the DPB. An increased fluorescence from
rhodamine-phallodin staining suggested an increase in F-actin
content over the course of the experiments.
Observing rabbit aortic endothelium in vivo downstream of an
coarcitation, Langille et al. (1991) noted a loss of peripheral actin and
a decrease in the number of central stress fibers at 12-15 hours after
the onset of flow (shear levels were not estimated). At 24 hours,
complete loss of the DPB and long, central stress fibers of variable
thickness were reported. Thickening of the stress fibers took 48
hours with no re-emergence of a peripheral band. Langille reports a
loss in fluorescence derived from rhodamine-phallodin staining in
chronically sheared cells.
Wechezak et al. (1985) conducted in vitro experiments on
bovine endothelium at 26 dynes/cm 2 and 6 dynes/cm 2 . The latter
being precisely the threshold shear level for cell alignment in bovine
endothelium. They note in both cases a nearly complete loss of the
dense peripheral band and enhancement of randomly oriented
central, basal stress fibers after only 2 hrs of flow, with no
observable changes in cell shape. Stress fibers in the high shear
group were seen to align in the flow direction around 6 hours once
cells began to adopt oriented shapes. In the low shear group, which
never completely aligned after 24 hours of flow, central stress fibers
were enhanced relative to no shear but with no preferred orientation
in general. In some cells a slight re-emergence of the DPB was
detected. Wechezak did not make observations concerning the
relative amounts of F-actin in chronically sheared and non-sheared
cells, although measurements by Satcher (1993) indicate no
significant change in F-actin or overall actin content in sheared
bovine endothelium relative to static controls.
Although the exact F-actin rearrangement process and its time
course is very likely to depend on cell-line and shear level, some
general observations may be made from these studies. First, the
slight reemergence of the DPB in the studies of Ookawa and
Wechezak and the temporary loss of central stress fibers in the
experiments of Langille, suggest the presence of transients in F-actin
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responses. Such transients could temporarily compromise the
adherence or connectivity of the monolayer and thus constitute a
critical shear environment in terms of monolayer permeability
(Wechezak et al., 1989). Secondly, the fact that central stress fiber
enhancement and DPB loss is witnessed well before changes in cell
shape, indicates the threshold for actin rearrangement is well below
that for noticeable shape change. The recent work of Wang et al.
(1993) showing the remarkable sensitivity of the endothelial
cytoskeleton to mechanical perturbation at the cell membrane
surface receptors suggests that dynamic rearrangement of the F-
actin system might begin as soon as flow levels are high enough to
cause slight membrane deformation.
1.2.3 Actin Filament Dynamics
Even in seemingly quiescent cells, the microfilament network is
highly dynamic. Monomer subunits in filaments are constantly being
exchanged with a cytoplasmic pool of subunits and F-actin structures
are continually being assembled and disassembled (Davies et al.,
1993; Wang, 1985). It is likely that the rearrangement of F-actin in
endothelium in response to shear involves a regulation of these
dynamics.
G-actin has a molecular weight of 42,000 daltons. Concentrated
G-actin spontaneously polymerizes in solutions of physiological salt
concentration, pH, and temperature (Pollard and Mooseker, 1981).
The rate limiting step in the polymerizing process in such solutions
appears to be the formation of G-actin trimers which become the
nucleation sites for rapid filament growth (Pollard and Craig, 1982).
Actin filaments are polar with different polymer-
ization/depolymerization rates at either end (fig. 1.7). The ends are
labeled 'pointed' and 'barbed' in reference to the appearance of
filaments under myosin labeling in the electron microscope. The
pointed end of filaments have rate constants generally one order of
magnitude lower than barbed ends (Pollard and Mooseker, 1981).
The value of the constants further depends on whether the monomer
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subunits have a bound ATP or ADP. The rate of monomer addition to
filaments depends on monomer concentration near the filament ends.
Disassembly rates, however, are independent of this concentration.
In solutions with excess ATP, ADP actin assembly rates may be
actin
monomer
actin
b+ filament
Kb pointed endKb- > Kp-
barbed Kp+
end
Figure 1.7 Actin filaments are dynamic (Pollard, 1982).- Filaments
are polar with 'barbed' and 'pointed' ends. All four rate constants
shown are different in general.
ignored. The resulting equations describing filament growth at the
barbed or pointed ends respectively are given by
dlB kB(c )-kB (1.1)dt + m
d + k (c ) 
_ k(1.2)
where, '+' and '-' indicate assembly and disassembly respectively, cm
is the local monomer concentration, and the dependence of rate
constants on ATP or ADP bound subunits has been dropped for this
discussion (Pollard and Mooseker, 1981). At either end an apparent
equilibrium is reached in the case that
k (c)=k . (1.3)+ M
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The concentration, C° , marks the borderline between monomer
addition or loss at a particular end, and is termed the critical
concentration. Critical concentrations are around 0.6 gM for barbed
ends and 0.1 gM for the pointed ends (Bonder et al., 1983). Because
the concentrations are different, steady-state in solution features
monomer addition at the barbed end matching loss at the pointed
end. The dynamic state of filaments under these conditions is
termed treadmilling because monomer subunits steadily move from
the barbed to the pointed ends (Kirschner, 1980).
Due to the presence of regulating proteins, the behavior of actin
in cells is considerably different from behavior in solution. Actin
sequestering proteins prevent cytoplasmic monomers from
spontaneously aggregating. The most abundant of these is 034-
thymosin which is present in cells at concentrations around 0.5 mM
and binds monomers with a 1 mM affinity (Carlier, 1993). This
affinity is high enough to compete with filament pointed ends but
not with filament barbed ends. In cells, then, exposed barbed ends
can undergo monomer addition, but exposed pointed ends may only
experience loss. Barbed ends, however, are often prevented from
monomer addition by 'capping' proteins such as gelsolin, capZ,
severin, and villin (Hartwig and Kwiatkowski, 1991). With capping
proteins preventing addition at barbed ends, and *monomer
sequestering proteins preventing monomer aggregation and
assembly at pointed ends, cytoplasmic monomer is found in cells at
thousands of times critical concentration levels. The general finding
is that approximately half of intercellular actin is in monomer form
(Bearer, 1993). This high concentration suggests that free barbed
ends should be experience explosive growth (Bearer, 1993). Capping
proteins often have other functions such as filament severing (eg.
gelsolin, severin, villin), and the nucleation of new filaments (eg.
gelsolin, villin) (Hartwig and Kwiatkowski, 1991).
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1.2.4 Actin Turnover
The continual exchange of subunits between the filamentous
and polymeric actin pools suggests that the F-actin network is
refurbished or "turned-over" with cytoplasmic borne subunits at
regular intervals. This sort of activity is clear from studies of
microinjected fluorophore-labeled actin which have found that the
injected actin incorporates into all levels of the cytoskeleton in about
30 minutes (Kries et al., 1979; Taylor et al., 1978; McKenna et al.,
1988). Further evidence of this activity is given by fluorescent
recovery after photobleaching studies (FRAP). In these experiments,
fluorescently tagged monomer is microinjected into cells and allowed
to incorporate. A laser beam is shown upon a particular location
within the cell. The fluorescence capacity of fluorophores are known
to degrade with time under excitation in a process termed
photobleaching. The intensity of the laser beam reduces the
fluorescence beneath it close to zero in milliseconds. The same laser
beam, heavily attenuated, is then used to witness the recovery of
fluorescence in the bleached region. Recovery records such as that
by Wang (1985) in fig. 1.8 at the leading edge of a fibroblast show
fluorescence recovery of photobleached filament bundles suggesting
fluorescent monomer has diffused into the photobleached region and
become incorporated into filamentous structures. The process by
which actin filaments are refurbished with cytoplasmic borne
monomer is termed turnover, and the time required for this is called
turnover time.
1.3 Photoactivation of Fluorescence (PAF)
As demonstrated above, the time for recovery of fluorescence
in the bleached region in a FRAP experiment, should give a measure
of the time required for filament turnover. It should be expected
that the recovery will also depend on the diffusive properties of
actin monomer. Indeed, FRAP experiments have been used to
measure actin monomer diffusion in cells (Kreis et al., 1982; Wang,
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1982; Felder, 1984). A similar fluorescence method known has
photoactivation of fluorescence (PAF) has recently been used to
measure filament turnover in living cells (Theriot and Mitchison,
1991, 1992; Mitchison, 1989). In these experiments, actin monomer
is labeled with a non-fluorescent fluorophore derivative (a 'caged'
fluorophore), and microinjected into cells. After incorporation of the
microinjected actin into the endogenous cytoskeleton, a cell is flashed
with a narrow band of UV light converting the fluorophore in the
It=160
Figure 1.8 Demonstration of filament turnover. At t = 0, a laser is
used to bleach the fluorophore locally. Note the reemergence of the
fluorescent bundle of the first frame. This is due to diffusion of
fluorescently labeled monomer into the bleached region and its
reincorporation into filaments.
band back to its fluorescent parent. The subsequent decay of
fluorescence is monitored to infer information about filament
turnover. Although FRAP studies have focused on diffusion and PAF
studies on turnover, PAF may be thought of simply as the positive
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analog of FRAP, and thus the measurements should yield the same
information.
Despite the similarity in the techniques, there are practical
differences. For one, PAF has intrinsically better signal-to-noise
characteristics over FRAP. PAF produces a bright region of
fluorescence on a dark background, whereas FRAP measurements are
made in a region of reduced fluorescence against a bright
background. Because signal-to-noise ratios are low under high
amplification, FRAP systems have a particularly difficult time
detecting the least dynamic component of a signal (Krafft et al.,
1986). A second theoretical advantage of PAF is that with careful
design of the photoactivation reaction, relatively low intensities of
appropriate wavelengths may be employed to produce rapid
photolysis without side reactions (Mitchison, 1989). Light levels
used in bleaching experiments, on the contrary, have been shown to
cause artifacts from heating, photochemical cross-linking, and oxygen
radical-induced damage (Leslie et al., 1984; Vigers and McIntosh,
1988).
1.4 Outline of ' the Thesis
The actin cytoskeleton of endothelial cells undergoes a
remarkable reorganization in response to shear stress at the cell
surface. This reorganization has significance in terms of endothelial
cell permeability and signal transduction. The actin cytoskeleton is
highly dynamic. The ability to measure these dynamics would give
important insights into the physiology of the endothelial cell
response to shear.
This thesis introduces a technology for measuring two dynamic
properties of the actin cytoskeleton, diffusion coefficients, and
filament turnover. The experimental technique employed is
photoactivation of fluorescence (PAF) (Theriot and Mitchison, 1991).
The steps required to produce a viable technology were the synthesis
of an actin derivative labeled with a photoactivatable fluorophore
(caged-actin), the design and assembly of the necessary hardware
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and prescriptions for it use, and the development of a model of
fluorescence decay from a photoactivated band for the interpretation
of experiments. These are the topics of Chapters 2, 3, and 4
respectively. Chapter 5 presents some preliminary experimental
results.
Chapter 2. The Synthesis and Use of Caged-Actin
2.1 Introduction
The first step in the development of a PAF system for actin
measurements was the synthesis of an actin derivative featuring a
bound photoactivatable fluorophore (caged-actin). This chapter
discusses this synthesis and general issues concerning the viability
and use of caged-actin.
2.2 Fluorescently Derivatized Actin
Actin derivatized with fluorescent groups has been used to
study the polymerization, mobility, and turnover of actin in vitro and
in vivo (Kreis, 1982; Kouyama and Mihashi, 1981, Theriot and
Mitchison, 1991; Simon et al., 1988). Nearly all such studies have
used actin derivatized at the cysteine-374 (cys-374) amino acid.
This site is the most reactive among the sulphydryls and is the
preferred site for labeling by iodoacetamide or maleimide
derivatives (dos Remedios et al., 1986). Critical concentrations of
actin labeled at cys-374 are very nearly those of unlabeled solutions
indicating that polymerization is unaffected by labeling at this site
(Wang et al., 1980; Kouyama and Mihashi, 1981). Labeling at cys-
374 has been shown to inhibit the interaction of profilin and actin
(Malm, 1984). Profilin is a monomer sequestering protein known to
catalyze the exchange of ADP for ATP bound to actin monomer
(Goldschmidt-Clermont et al., 1991). Profilin bound monomer,
however, accounts for a very small fraction of the cytosolic monomer,
and its importance in cell physiology is not clear (Callier, 1992).
2.3 The Synthesis of Caged-Actin
The two primary steps involved in the synthesis of caged actin
are the attachment of a photoliable fluorescence quenching group to
a fluorophore and the coupling of the caged compound to actin (fig.
2.1). The need for a fluorophore that performs both of these tasks
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greatly reduces the choices available. Resorufin (Boehringer
Mannheim) was selected by Theriot and Mitchison (1991) as a
fluorophore for PAF experiments involving actin because of its
availability as an iodoacetamide derivative for actin labeling and
because of the presence of phenolic oxygens for reaction with the
caging diazoethane group of Walker et al. (1989). Following this
example, caged-resorufin iodoacetamide (CRIA) was synthesized
according to the protocols of Theriot and Mitchison (1991) and
Walker et al. (1989). These are given in Appendix A. The yield from
this protocol was 7% although in principle yields can reach 20%
(Theriot, 1991). The protocol followed for actin labeling is that of
Kouyama and Mihashi (1981).
The successful synthesis of caged-actin is demonstrated in fig.
2.2. In fig. 2-2a absorbance spectra for CRIA before and after
photoactivation with 365 nm light are shown. The spectrum
featuring a peak at 460 nm is the signature of the caged compound,
whereas the uncaged compound has a absorption peak at 574 nm.
Figure 2.2b displays the absorbance spectrum of caged-actin. The
peak at 270 is due to actin, and the 460 nm peak indicates the
presence of bound CRIA. Note that the peaks for actin and uncaged
resorufin are far separated. Concentrations of resorufin and actin in
the final product were therefore determined by completely uncaging
the product and measuring aborbances at 290 nm for actin
(extinction coefficient = 26.5 mM-1 cm- 1 ), and at 575 nm for
resorufin (extinction coefficient = 65 mM- 1 cm- 1). The ratio of these
concentrations gave a coupling ratio of 0.2 (1 in 5 actin molecules
labeled). This is low compared to the value of 0.65 from Theriot and
Mitchison (1991). In preparation for microinjection, caged-actin was
dialyzed into injection buffer (1 mM imidazone, pH 7.5, 0.2 mM
MgC12, 0.2 mM ATP), diluted to 1 mg/ml, and stored as 5 ml aliquots
in 1 ml vials at -80 oC.
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Figure 2.1 The synthesis of caged-actin. The first step is to react a
resorufin-iodoacetamide with a photoliable fluorescence quenching
group. In the second step, the caged-complex is coupled to actin at
cys-374.
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Figure 2.2 Absorbance spectra demonstrating the successful
synthesis of caged-actin. a) Caged-resorufin (peak 405 nm) is seen
to convert to resorufin (peak 577 nm) after photolysis with 365 nm
light. b) Caged-resorufin (peak 405 nm) is shown coupled to actin
(peak 270 nm).
2.4 The Functionality of Caged-Actin
Caged-actin is known to be polymerization competent in vitro
because the actin is cycled between polymer and monomer forms
during labeling. Visual evidence of the incorporation of caged-actin
into stress fibers in vivo has not been compelling. The low quantum
efficiencies of the fluorophore and optical system and low signal to
noise ratios are likely to prevent resolution of these structures. The
most convincing evidence of incorporation has been the bi-phasic
behavior of fluorescence decay curves from photoactivated bands
shown in Chapter 5. This behavior is likely due to a transient burst
of monomer diffusion superimposed upon the slower process of
filament turnover. Theriot and Mitchison (1991), on the contrary,
were able to demonstrate the ability of CRIA labeled actin to
incorporate into stress fibers in vivo.
365 nm
,aged-
resorufin /
uncaged-resorufin -
~1
actin peak
caged-actin
caged-resorufin peak
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2.5 Microinjection
2.5.1 Background
Microinjection is a valuable technique for introducing foreign
materials into living cells. It was originally developed by
Graessmann (1970), as a means of transplanting mammalian cell
nuclei into foreign cells. It has since been used to introduce a variety
of materials into living cells including low molecular weight
compounds, proteins, RNA, and DNA (Wehland et al., 1977, McClain et
al., 1978; Lin et al., 1979, Graessmann et al., 1977). It has also been
the primary technique for injection of fluorescently labeled
cytoskeletal proteins (Kreis, 1982; Wang, 1985, 1982; Taylor and
Wang, 1980, 1977; Mitchison, 1989; Theriot and Mitchison, 1991).
The technique has the general advantage over membrane perfusion
techniques in that with needle tips on the order of microns in
diameter, and injected volumes around 10% of cell volumes,
disturbance to cells in minimal. Cells often phleb, contract, and
protrude cytoplasm in response to microinjection, but recover after
about 10 minutes and can be viable for days (Kreis, 1986). Perfusion
techniques, on the other hand, are limited to small molecular weight
compounds and cells appear to survive treatment for only a short
period of time (Kreis, 1982). Microinjection has the further
advantage over perfusion techniques that cellular components as
small as organelles can be injected.
2.5.2 Methods
The microinjection system used here is shown in fig.. 2.3
(Narishige; Medical Systems Corp., Greenvale, NY). Microinjection is
done under a light microscope (Zeiss, 405M) at 40X magnification
and phase-contrast conditions. A pressurized CO2 vessel provides
pressure for injections and a microinjection controller box regulates
this pressure. Needles for injection (100C1l, Narishige; Medical
Systems Corp., Greenvale, NY) are created by placing capillary tubes
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in a pulling device featuring a small heating element and weights for
loading the needle. Needles are loaded from 1 ml vials through the
needle tip using vacuum pressure. A micromanipulator positions the
loaded needles in cells, and a foot pedal executes the injections.
Endothelial cells grown on glass coverslips are bathed in medium in a
coverslip holder equipped with temperature and pH controllers. The
microscope is video equipped so that injections may be recorded for
review.
microcapillary puller
I I
Figure 2.3 Schematic of the microinjection system. Needles are
created with a microcapillary puller and positioned in cells with a
micromanipulator. Injections are executed with a foot pedal
actuator.
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Injected volumes of 10% or less of cell volumes are suggested
to maintain cell viability (Kreis, 1986). At these levels and with actin
concentrations around 1 mg/ml, injected actin amounts to less than
2% of endogenous actin. Needles were calibrated for volume
injection by measuring meniscus displacements and cross-sectional
diameters at various injections pressures. Calibration curves were
found to vary greatly with needle opening diameter and needle
manufacturer. The curve shown in fig.. 2.4. was used for caged-actin
injections. The heater and weight settings shown in the figure
resulted in a relatively large needle tip opening. Injection with these
needles is difficult and injected volumes are a bit high (10%-15%).
Caged-resorufin actin was found to aggregate once the needle was
introduced into the medium, however, and these settings produced
the minimum size needle for which the clog could be expelled with a
burst of high pressure.
Since the meniscus do not escape the tapered portion of
needles during filling, surface tension effects cause injected volumes
to depend on meniscus positions as well. For well filled needles
meniscus displacements are exceedingly small so that calibration
curves can be trusted over 50 injections or more.
0IAANT
I 0
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pressure (psig)
Figure 2.4 Microinjection calibration curve. Cells are injected at
10% - 15% cell volume.
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2.6 Photobleaching and Biological Quenching
Resorufin has been selected for caged actin studies because of
its ability to react with caging groups and couple to actin. The
fluorophore has some poor optical properties, however. Figure 2.5
demonstrates that the fluorophore is highly photoliable with typical
photobleaching times around 5 seconds. Photobleaching times are
measured in cells under experimental lighting conditions because the
photobleaching process is known to be heavily dependent on both
excitation intensities and the microenvironent of the fluorophore
(Benson et al., 1985). The biological stability of resorufin is also poor
at only a few hours (Theriot, 1993). These facts combine with a low
quantum efficiency to make resorufin a difficult molecule to work
with in PAF experiments.
4.4
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Figure 2.5 Typical photobleaching decay curve. The curve was
obtained for microinjected uncaged resorufin under experimental
conditions.
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2.7 Summary and Further Work
Caged-actin was successfully synthesized and is known to be
polymerization competent in vivo and in vitro. General instructions
for its synthesis and use are provided here. The fluorophore selected
for caged-actin however, resorufin iodoacetamide, is known to be
highly photoliable, biologically degradable, and to have a relatively
low quantum yield. These facts have led to a search for a new probe.
Photoactivation technology is rapidly increasing in popularity, and a
number of companies now offer caged probes. Recently, Molecular
Probes (Eugene, Oregon) released a caged rhodamine derivative
capable of binding to amines, and therefore potentially actin lysines.
Rhodamine derivatives are known to have excellent photostability,
biological stability, and quantum yields, and so this compound is a
potential future probe.
f·
Chapter 3. Experimental Design
3.1 Introduction
The second step in the development of a PAF system for actin
measurements was the design and assembly of the required
hardware. The system presented here is modeled after that of
Mitchison, (1989). This chapter documents the final design along
with the rational involved in selecting the components. This chapter
also presents the results of an extensive characterization of the
hardware that clearly defines its capabilities and limitations. Finally,
the chapter includes general procedures for PAF experiments, and
the acquisition of data from video records.
3.2 Hardware Configuration
A schematic of the assembled PAF hardware is shown in fig.
3.1. The system is centered around a fluorescence microscope
(Greyline model; Zeiss, Oberkochen, Germany) equipped with phase-
contrast optics. The epi-fluorescence pathway has been modified to
accept an uncaging pathway in addition to the standard excitation
illumination pathway. Both pathways employ a 50W Hg arc lamp.
The uncaging lamp is focused upon an adjustable slit (D40,488;
Edmund Scientific; Barrington, NJ), and the slit is imaged onto the
epi-illumination field diaphragm by an external lens. From the field
diaphragm, the slit is imaged by an internal field lens and the
objective into the sample plane. The final demagnification is about
1:300 (slits as small as 1 gm are possible in the sample plane). The
objective used is a Zeiss 63x Ph2 Plan-Neofluar objective. This
design by Zeiss is ideal for fluorescence microscopy because it uses
non-auto fluorescent glass and has high transmission up to near UV.
The sample plane is imaged by a SIT camera (Model MK II; Dage
MTI, Michigan City, IN) after being magnified an additional 4X. The
final field-of-view is about 40 jgm X 50 jgm. Experiments are
monitored on a video screen and recorded on S-VHS tape.
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Figure 3.1 Hardware configuration. The system features two epi-
illumination pathways and video equipment centered around
fluorescence microscope.
Excitation and uncaging exposures are controlled with
electronic shutters (Uniblitz VS25; Vincent Associates, Rochester, NY)
in front of the lamps. Shutter sequences are synchronized with a
square wave pulse from a function generator (Model 75; Wavetek,
San Diego, CA), as shown in fig. 3.2. The rising edge of the square
opens the uncaging shutter. The falling edge of the square closes the
k
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uncaging path and triggers a pre-programmed excitation shutter
sequence.
open
excitation shutter
response closed
uncaging shutter open
response
uncaging time
function generator
output
t
Figure 3.2 Shutter sequences. A square pulse from a function
generator initiates the sequences. On the rising edge, the uncaging
shutter opens. On the falling edge, the uncaging shutter closes and
the excitation shutter executes a pre-programmed sequence.
Mercury are lamps are ideal for experiments with CRIA
because the photoactivating wavelength of the caged form, 365 nm,
and the absorbance peak of the uncaged form, 574 nm, correspond to
strong peaks in the Hg arc emission spectra (the peaks are 365 nm
and 577 nm, respectively). Uncaging, excitation, and fluorescence
wavelengths are selected and directed through the microscope with a
series of filters and mirrors (Chroma Technology Corporation,
Brattlevoro, VT) as shown in fig. 3.3. The epi-fluorescence filter
block was developed by Microtech Optical. (Hudson, MA).
The functioning system is demonstrated in fig. 3.4. In the left-
hand frame the UV slit is shown superimposed upon the cell under
phase-contrast conditions. In the right-hand frame the trans-
illumination light is extinguished and the excitation shutter is opened
to reveal a fluorescent band.
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excitation
filter 577 nm± 5 dicroic mirror
uncaging filte
350 nm + 50
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Hg arc broad spectrum
- - - - 365 nm uncaging light
----- 577 nm excitation light
--- - - 591 nm fluorescence
Figure 3.3 Filter configurations. The broad band emission from Hg
arc lamps includes peaks at caged-actin uncaging and resorufin
excitation wavelengths. Resorufin emission at 591 nm is passed to
the camera at the exclusion of all other wavelengths.
a) b)
Figure 3.4 System demonstration. a) The UV slit is shown
superimposed upon the cell. b) After uncaging, a fluorescent band is
seen in the location of the slit
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3.3 System Characterization
3.3.1 Illumination
In any measurement system in which dye concentrations are
assumed proportional to fluorescence, illumination should be nearly
uniform. If this is not possible the uneven illumination field must be
measured, and fluorescence values corrected accordingly. Even if
illumination is uniform, shading from the camera and other optical
components can cause artificial non-uniformities in fluorescence
measurements. Again if such factors are significant, fluorescence
measurements must be corrected.
Figure 3.5 demonstrates that a very uniform excitation field
was achieved in this system. The measurement was made by placing
a hema-cytometer in the sample plane under excitation light without
the 4X multiplier (the coating used on hemacytometers is an
excellent sample for illumination measurements because it fluoresces
over a wide range of excitation frequencies and is smooth compared
to conventional fluorescence samples). The smaller experimental
field-of-view obtained with the 4X could be seen as a fraction of the
demagified image, and was outlined in the digitized image to produce
fig. 3.5.
To investigate the effects of shading, the field of fig. 3.5, was
compared to images obtained with the 4X in place. The results
indicated shading is negligible throughout the field-of-view except
very near the periphery.
The distribution of light in the uncaging band was also
investigated. A theory developed in Chapter 4 predicting the
fluorescence decay from a photoactivated band assumes uniform
uncaging. It was thus necessary to investigate the distribution of
light in the photoactivating band arriving at the sample plane. Again
a hemacytometer was used as the fluorescent sample. Figure 3.6
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shows slit illumination profiles with varying slit width. The
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Figure 3.5 Excitation illumination distribution in camera field-of-
view (FOV) The excitation field is very uniform with a grey level
standard deviation of less thanl0% from the mean.
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Figure 3.6 Uncaging slit illumination profiles.
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fluorescence is rather uniformly distributed across the slit for most
slit sizes, but looks more gaussian for slit sizes less than about 2 gm.
3.3.2 Uncaging Time
A second important characteristic of the uncaging path is the
efficiency of the uncaging process. For diffusion coefficient
measurements, it is desirable to keep uncaging times as short as
possible (see Chapter 5). The time evolution of fluorescence profiles
taken across an uncaged band in a microinjected endothelial cell
subjected to continuous uncaging is shown in fig. 3.7. The experiment
uncaging time
0.8 sec
2.3 sec
------- 4.6 sec
- -- 6.9 sec
S9.2 sec
x (I-m)
Figure 3.7 Uncaging time experiment. Fluorescence profiles in the
band were measured after uncaging in a cell for the times shown.
Note that fluorescence levels are very low and that diffusion makes
profiles more gaussian over time.
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was done by holding the uncaging shutter open and opening the
excitation shutter at the times shown. Camera gain was set at
maximum. Grey values should be compared to a 255 maximum for
camera saturation. Note that the profiles are approximately square
initially, but evolve into gaussian shapes over time due to diffusion
of monomer out of the band. Note also that fluorescence levels are
very low. Based on this study an uncaging time of 5 seconds has
been used in experiments as a compromise between rapid uncaging
and strong signals.
3.3.3 Camera Linearity and Response Time
The final studies conducted concerned the linearity and
response time of the SIT camera. Both of these properties are known
to depend on lighting conditions, so the studies were conducted with
the camera at maximum gain as in actual experiments.
Like uniform illumination, camera linearity is essential for the
assumption that fluorescence is proportional to dye content to be
valid. The camera linearity was studied by placing neutral density
filters of varying transmisivities in front of the excitation lamp. As
fig. 3.8 demonstrates, the SIT camera is very linear at experimental
light levels.
Typical photobleaching times for resorufin of 5 seconds (see fig.
2.5), require that excitation exposures be limited as much as possible.
As seen in fig. 3.9, however, the SIT camera takes nearly 425ms to
reach 95% of its steady-state value in response to a step input in
light. This fact made it impossible to exclude photobleaching effects
from measurements with short exposures. To proceed it was
necessary to characterize the photobleaching process and correct
data for its effects. Fortunately, this can be done to a rather high
degree of accuracy. The algorithm for this correction is described in
Appendix B.
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Figure 3.8 Camera linearity. The response of the SIT camera to light
varying slightly about the experimental levels is seen to be linear.
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Figure 3.9 Camera rise time. The curve shows the response of the
SIT camera to a step input in light at experimental lighting
conditions. The slow response of the camera and the fast bleaching
of the fluorophore made it impossible to exclude photobleaching
contributions to fluorescence decay records.
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3.4 Experiments
3.4.1 Experimental Procedure
Before experiments, the uncaging optics are checked for
alignment and slit focus at the sample plane. This is done by placing
a sample that fluoresces at high wavelengths under UV excitation
(again a hemacytometer was useful for this). Once the sample has
been brought into focus under phase, the slit should be visible and
sharp in the field-of-view of the SIT camera (all focusing must be
done with the camera because the camera and eyepiece focus' are
different). If this is not the case, small adjustments in focus are
made by sliding the imaging lens along the uncaging path optical
bench until the slit is sharp. The slit may be positioned in the field
of view by slightly rotating the lens about a vertical axis. The slit
will not be visible during actual experiments, and so its position and
size is marked on the monitor screen beforehand. The camera gain
and tube acceleration voltage is set at maximum, no averaging is
used.
Cells are injected as described in Chapter 2. Coverslips surfaces
are scratched with a diamond point pen so that injected cells may be
recognized relative to a landmark. Injected cells are separated by at
least three cell lengths to prevent premature uncaging in cells that
neighbor the targeted cell. After injection, cells are incubated for
1/2 to 1 hour.
After incubation, an injected cell is brought into focus in the
camera under phase contrast. The duration of uncaging is set by
adjusting the period of the square pulse on the function generator.
The fluorescence sampling sequence is determined by setting the
delay on the excitation path shutter controller. The exposure time
for excitation is set at 425 ms so that the SIT camera just reaches
steady-state before shutter closure. Once the room is darkened, the
excitation shutter is opened and the camera black level is adjusted
until the background is nearly zero. A background image is recorded
to tape at this point. The experiment is executed by depressing the
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trigger button on the function generator. The entire experiment is
recorded on S-VHS tape.
At the completion of an experiment, the slit is opened to cover
the entire field-of-view and the uncaging shutter is opened for 30
seconds. The excitation path shutter is then opened and the decay of
fluorescence is recorded. This second experiment is used for
photobleaching corrections. The entire cell is uncaged so that
monomer diffusion does not contribute to fluorescence decay.
3.4.2 Image Analysis
Video images are analyzed on a PC based image analysis
workstation. The workstation features a frame grabber board
(VISIONplus AT; Imaging Technologies, Bedford, MA), S-VHS player
(AG-7355; Panasonic, Secaucus, NJ), and image analysis software
(Optimas 4.0; Optimas Corp., Edmond, WA.). Images are digitized at
640H X 480V spatial resolution and 8 bit grey scale depth. A
luminance value is assigned to an image by computing the average
luminance value in a box approximately 8H X 50V pixels centered in
the slit. During an exposure interval video, records contain a peak
value corresponding to the camera rise time. This value is measured
at each successive exposure. The mean luminance from the
background image is measured and subtracted from each of these
values to form the uncorrected data set.
Photobleaching parameters are measured from photobleaching
experiments by sampling the average luminance in the region of
uncaging every second. Photobleaching is measured in the uncaging
region because it has been shown that photobleaching rates can vary
significantly between different regions of cells (Benson et al., 1985).
Photobleaching measurements are made for a minimum of 30
seconds for accurate curve fitting. The data is fit with an offset
decaying exponential to get the bleaching parameters. These
parameters are substituted along with the uncorrected values in
correction algorithm eq. B.5, to arrive at the final data set.
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3.4.3 Error Due to System Noise
The confidence in the mean fluorescence value improves with the
number of pixels used in computing the mean according to
0_ G (3.1)
where 0-_, is the expected standard deviation of a population of
x
measured means, a is the standard deviation of the measurements,
and n is the number of pixels sampled. The system signal-to-noise
ratio without frame averaging is about 4:1, so a = 25%. With 400
pixels sampled to determine the mean, the uncertainty in mean
fluorescence measurements is about 4% (95% confidence interval).
3.5 Summary and Further Work
The hardware required for PAF experiments has been
assembled and demonstrated to be functional. The operating
characteristics of the system have been studied, and although the
given components have been optimized, some features of the system
remain far from ideal. Uncaging must be done for 5 seconds and this
may adversely affect diffusion coefficient measurements. Increasing
the strength of the uncaging path lamp is a strong priority.
Furthermore, the excitation light must be flashed for nearly 1/2
second for the SIT camera response to reach steady-state. With
resorufin photobleaching times around 5 seconds, it is impossible to
exclude photobleaching contributions to fluorescence decay curves,
and a scheme for correcting photobleaching effects on data must be
employed. The photobleaching problem may be overcome with a
more stable fluorophore, or a quicker camera, such as an intensified
CCD, or both. Fluorescence intensities are also a problem. With the
current system the camera must be used at maximum gain and
signals are still weak. Although this problem may be improved with
a more fluorescent fluorophore, or more sensitive camera, the
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problems should be attributed in part to the performance of the
microscope. The Zeiss greyline model used here was not designed for
low light video microscopy. New models reportedly have 50 times
greater light throughput to the camera.
Despite a non-ideal performance, the system remains
functional and a general procedure for its use in acquiring PAF
images, and the analysis of those images is prescribed.

Chapter 4. A Model of Fluorescence Decay from a
Photoactivated Band
4.1 Introduction
The major premise of this thesis is that the decay of
fluorescence from a photoactivated band should depend both on the
diffusion of actin monomer and the turnover of actin filaments.
Previously, investigators have attempted to quantify these processes
individually using PAF and FRAP measurement techniques (Wang et
al., 1982; Kreis et al., 1982; Felder, 1984; Theriot and Mitchison,
1991, 1992; Mitchison, 1991). The protocol used to determine
diffusion coefficients from FRAP data records is that of Axelrod et al.
(1976). The theoretical development behind this protocol, however,
considers the diffusion and convection of a fluorescencent. species in
an infinite medium, and thus is inappropriately applied in
measurements on the cytoskeletal proteins because the dynamic
nature of filaments has not been considered. No careful protocols
exist for turnover measurements. Currently, turnover times are
arbitrarily reported as half-times for fluorescence decay in PAF
studies (Theriot and Mitchison, 1991). To carefully infer diffusion
and turnover information from fluorescence decay records in PAF
experiments, therefore, it has been first necessary to develop proper
measurement protocols. This chapter presents a mathematical model
of the steady-state dynamics of the actin cytoskeleton and the
measurement protocols derived from it.
4.2 Problem Formulation
4.2.1 Description of the Model System
Assumptions, approximations, and idealizations must be made
in order to cast the real physical system as a soluble mathematical
statement. Ultimately, it is these set of assumptions that will
determine the practical value of the solutions obtained. This section
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describes the representative system along with justification and
criticism of the assumptions employed in achieving it.
antin monomer
actin
filament
Figure 4.1 Schematic of the model system. Filamentous and
monomer actin are contained in a rectangular geometry. Uncaged or
fluorescent subunits are black. Here (o is the initial slit width and xo
is the position of the slit center-line.
Assumption 1: The cell cortex is modeled as a rectangular
geometry (fig. 4.1).
The cell cortex is cast as a rectangular geometry with a uniform
vertical thickness. Clearly, this is not the best approximation for
endothelial cell shape. Given that the uncaging band will be
rectangular by design, however, this choice is the simplest geometric
approach, and it will still produce insights concerning wall effects,
which is the only reason to include boundaries in the first place. The
assumption of a uniform vertical dimension is reasonable if one
imagines that the cell cortex essentially splits in half near the cell
nucleus as suggested in fig.1.4.
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Assumption 2:A two pool model of actin is used.
Only two pools of actin, an immobile filamentous pool, and a
cytoplasmic borne pool of diffusable monomer, are considered.
Monomer in either of these pools may be fluorescent or non-
fluorescent. This approach disregards the possibility of short
diffusable actin filaments. Although it is likely that such filaments
may exist transiently due to the action of filament severing proteins,
it is believed that they will rapidly dissociate into free monomer
(Hartwig, 1994).
Assumption 3:Filaments are immobile and all monomer diffuse
alike.
Diffusion coefficients of filamentous actin in cells have not
been measured, but filament lengths estimated at hundreds of
subunits long and high degrees of filament cross-linking suggest that
the immobile fraction assumption is good (Hartwig, 1986). The
presence of fluorophore labeling should not affect diffusion
coefficients as the ratio of the molecular weight of actin to that of
caged-resorufin is greater than 100. All monomer are therefore
considered to diffuse alike.
Assumption 4:Monomer and filament pools are uniformly
distributed.
The presence of large filament bundles in cells is clearly
ignored with this assumption. It seems a reasonable approximation
to the cortical actin network, yet gradients in this component have
also been reported (Giuliano and Taylor, 1994). For now we accept
this approximation for its simplicity and because actin distributions
in endothelium have yet to be carefully quantified. It will be a
simple extension of the model to use non-uniform distributions if
such distributions become available in the future.
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Assumption 5:No net growth of the filamentous or monomeric
pool.
This is the steady-state assumption. It limits applicability of
the model to cells in steady-state or perhaps to regions undergoing
no net polymerization in cells not in steady-state. For example,
protocols might be applicable to motile cells away from the leading
edge. Satcher (1993) has shown that there is little change in the
amounts of polymerized actin or monomer actin between static and
chronically sheared endothelial cells, however this does not preclude
the possibility of transient fluctuations in the levels of the pools
during the alignment process. Even if fluctuations are present,
however, actin rearrangement occurs on a long time scale in
endothelium (hours), so that the levels of polymerized and non-
polymerized actin during any measurement period may be stable
enough to be assigned a single value. Finally, this assumption
suggests no net synthesis or degradation of actin during
measurements. Researchers have suggested net loss, gain and no
change in actin levels in endothelial cells in response to chronic shear
(Ookawa et al., 1992; Langille et al. 1991; Satcher, 1993). Again,
even if changes occur, the associated time scales are likely long
compared to PAF measurement times.
Assumption 6:The rate of monomer subunit exchange between
pools is uniform throughout the cell.
This assumption combines with assumption 4 to suggest that
filament turnover is uniform throughout the cell. The conventional
wisdom among biologists today is that filament turnover should be
dependent on location in the cell, but this remains to be shown.
Again we adopt this assumption for simplicity recognizing it as a
possible area for a future extension of the model.
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4.2.2 Derivation of the Dimensional Problem
The general equation of species conservation is written for
fluorescent monomer in the monomer pool as
DC
u,m = DV2C + (4.1)
Dt u, m
where Cu,m denotes the concentration of uncaged (fluorescent)
monomer in the monomer pool, D is the monomer diffusion
coefficient, and f is the flux of fluorescent monomer from the
filamentous pool into the monomer pool. Noting that there is no
gradient in total monomer concentration, there can be no diffusion
induced convection. This fact along with the 1-dimensional geometry
of the system simplifies (4.1) to
aC a2C
um D um + (4.2)
at ax2
The filament pool is non-diffusable. However it must undergo a
flux of fluorescent monomer opposite in sign to that of the monomer
pool. The equation governing this population is
aC
acf = - f (4.3)
at
Since there is no changes in the total amounts of monomer or
polymer, there must be a monomer released from the filamentous
pool for each monomer added (fig. 4.2). The rate of this exchange is
the uniform rate g.
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Figure 4.2 A schematic of monomer exchange
between the filament and monomer pools.
The uniform rate of exchange is denoted g.
The probability that a monomer arriving into the monomer
pool from the filamentous pool is uncaged is given by Cu,f/Cf, where
Cf denotes the total concentration of monomer subunits in the
filamentous pool. Similarly, the probability that monomer leaving
the monomer pool is uncaged is given by Cu,m/Cm, where Cm is the
total concentration of monomer subunits in the monomer pool. This
argument suggests
C CS= g( um) (4.4)
Cf C
So that eqs. 4.2 and 4.3 become respectively
u,m u,m u, f uC m
t D + k( m) (4.5)t ndx 2  C
and
monomer pool o
g * o0o
0
0
0
0
filament pool
0 0 0
0 o
o
I • •
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CC  C
u,f _u, u,m)
ft C C
f m
(4.6)
These two equations along with the boundary conditions
u, m
x
.X~mI
and the initial conditions
ur
C
u,1
=0
aC
m
a C
f
ac
=0, um
x=L
x=
=0
t=o
(4.7)
(4.8)
0 xo
constitute a complete dimensional statement of the problem. Here, a
is the fraction of the total actin concentrations in the band that is
uncaged or fluorescent. (Note that with uniform incorporation of
injected actin and perfectly efficient uncaging, a is simply the ratio of
the injected to total actin concentrations).
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4.2.3 Derivation of the Non-Dimensional Problem
Introducing the scales,
C
* x * tD * u,m
x = -,t = -- C=
u (4.9)
CC u,f
f aC
eqs.s 4.5 and 4.6 become
ac* a2C*L2
m m (C -C ) (4 .10)
at ax* 2 DC f m
and
Cf_ gL * *
C (Cf - C) (4.11)
respectively. Defining the parameters,
~2 C
L2 = and y - (4.12)f Cm
recasts these equations as,
ac* a2C*
_ m + (C-C(4.13)
t* ax* 2 (4.13)
and
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ac
f= - (C -C ) (4.14)
These last two equations along with the non-dimensional boundary
conditions
m 0 * = 0 (4.15)
ax * ax
xa 0 tx =1
and the initial conditions
co/L
I
t* = 0 (4.16)
i i
0 xo/L 1
constitute a complete non-dimensional statement of the problem.
The system suggests that the concentrations of the fluorescent
monomer and polymer pools depend upon the four parameters, xo/L,
co/L, y, and p. The physical meaning of the first three parameters is
self-evident, however the fourth requires some thought.
To develop a physical feel for 3 as defined in eq. 4.12, note
that the group L2 /D is a characteristic time for free diffusion based
on the cell length. Imagining that g is expressed in the units of
moles of monomer per unit volume • per unit time, and Cf in moles of
monomer per unit volume, it is clear that the Cf/k is the
characteristic residence time of a fluorescent monomer in the
filamentous pool. This residence time is precisely the filament
turnover time as defined in Chapter 1, since the bulk of the filament
C
m
C
f
I
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pool will have been replenished with cytoplasmic monomer during
this time. Turnover time will be denoted in this discussion by t.
4.3 Solution
4.3.1 Solution of the Non-Dimensional Problem
The system eqs. 4.13 - 4.16 is an initial-boundary value
problem. The differential equations 4.13 and 4.14 are coupled but
linear with constant coefficients. The system is transformed to an
algebraic system with a Laplace-Fourier transform. The algebraic
system is solved for the transforms of the monomer and filament
concentrations, and the inverse transforms are taken. The details of
this procedure are given in Appendix C. The results are,
00 oo
C = co+ C C cosrkx (4.17)
m mk= 1
and
Cf= 0+ Cf cosikx (4.18)
k= 1
with the Fourier coefficients given by,
_, _, (s +3+ y)e - (s 2 ++ yo)e
C = C (4.19)m m, o (s1 - s 2)
and
2 S1t 2 s 2 t( +(s 0+7  +y Y )e - (s +02 + p+ y)e
C - C 2  k (4.20)f f,o (S1- s2)
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Here Co and Cmo represent the Fourier transforms of the polymerf,o m,o
and monomer initial distributions respectively (C.19) , and S1 and S2
are the roots of quadratics in the wave-numbers, o2 (C.25, C.26).
4.3.2 Fluorescence
The individual fluorescent pools can not be measured in
experiments, but their sum in the form of an overall fluorescence
can. Assuming that fluorescence is proportional to dye concentration
and the intensity of excitation light, this sum can be written as
F= IoQ(C + Cf ) (4.21)
Where the proportionality factor Q is comprised of the products of
the fluorophore and optical quantum efficiencies and gains associated
with linear amplification in the camera and image digitization, and Io
is the excitation light intensity. Substituting for Cu,m and Cu,f from
eq. 4.9,
F= IoQ(C •aCm + CfoaCf) (4.22)
Or equivalently,
F= I QaC (C m + Cy) (4.23)
The maximum fluorescence, Fo, will be given under the slit at t* = 0
when C =Cf = 1 so that
m f
F = Io QC (1 + y) (4.24)
Normalizing eq. 4.23 with this maximum gives the expression for the
non-dimensional fluorescence,
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F (C+C y)
F* = -= m  f (4.25)F (1 + 7)
Equations 4.17, 4.18, and 4.25 were programmed in Matlab 4.1
(The Mathworks, Natick, MA.). A sample solution for P = 20, y = 1,
xo/L = 0.5, co/L = 0.1 is given in fig. 4.3. Note that areas under all
curves remain equal to co/L, indicating conservation of the
fluorescent species. Summations of 400 terms were used in most
simulations. Summations of more than 400 terms improved results
only in the immediate neighborhood of t* = 0.
4.3.3 Center-Line Fluorescence Decay
For maximum dynamic contrast (initial fluorescence - final
fluorescence), measurements will be taken at the slit center-line.
Center-line fluorescence simulations are needed to interpret
measurement records. Figure 4.4 is one such simulation with y = 1,
x/L = 0.25, and co/L = 0.2, and P varying from 0 to 1000. Note that
for small times, t* _< 0.05 or so, all curves appear similar. This region
is termed the [ independent regime. For larger times, however,
curves separate under the influence of p. This second regime is
termed the p dependent regime.
The curve [ = 0 can be thought of as the case of no filament
turnover. Without exchange between the two pools, the fluorescence
derived from the filamentous pool is not dissipated. The decay here
is simply due to monomer diffusing out of the band. After this, C
1 and Cm = co/L, so that the final fluorescence is given byM
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Figure 4.3 Evolution of the fluorescence and the monomer and
filament concentrations for the parameters selected in the legend
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-+Y
F* L = 0, t = (4.26)
For non-zero 3 curves filament fluorescence is dissipated due to
turnover so that eventually all the fluorescence decays to a
background level given simply by
F*= -p1 > 0, t = (4.27)
oo L'
Physically, the bi-phasic behavior of the curves can be
understood in the following way. Immediately after the creation of
the photoactivated band there exists a large pool of monomer among
the filaments. The ratio of diffusion to filament turnover times,
indexed by 1, determines the fraction of this pool that is hindered by
exchange. The remaining fraction is free to diffuse, and there is
rapid drop in fluorescence during this diffusion. The long term decay
is due to the liberation of fluorescent monomer from filaments
during the slower process of filament turnover.
As 3 increases, the fraction of freely diffusing monomer
decreases. For high enough 1, the entire fluorescent monomer pool is
sequestered by the exchange and further increases in 0 cannot
sequester more. This behavior is evident in fig. 4.4 as all curves
practically superimpose for 0 > 30. Appendix D examines this limit
on mathematical grounds. The development proves that for 1 >> 1 the
monomer and filament pools must behave alike. The appendix also
shows that the problem for the fluorescence for 3 >> 1 satisfies a one-
dimensional diffusion equation that is independent of P itself:
a(F ) 1 a2 F*
- - 2 ' 13> 1 (4.28)at (* + 1) 3x * 2
The bi-phasic behavior of decay curves will be exploited to
arrive at measurement protocols for filament turnover times and
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diffusion coefficients. This will be done by establishing a
characteristic quantity for each regime and examining the
dependence of this quantity on the parameters.
0 0.2 0.4 t* 0.6 0.8 1
Figure 4.4 Decay of fluorescence at the slit center-line. For small
times all curves appear similar but separate out due to the influence
of P for larger times.
4.3.4 P Independent Regime
Figure 4.5 is an enlargement of the early decay of fig. 4.4. On
this scale it is clear that decay curves depend on 1, but remain close
so that for some time the decay in this region can be considered 0
independent. Once the effects of the experimentally chosen
parameters, xo/L and co/L on decay curves are understood, the
remaining variability in curves is associated with the parameter y.
Thus a characteristic quantity associated with this region, like say
the t* required for a drop to a specified fluorescence level, could be
used to measure y. This approach would require that D is known so
that t* could be formed. The approach of this thesis, however, has
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been to assume y is known from some other assay, and that D is
unknown. Under these conditions it will be shown below that the P
independent regime can be used instead to determine D.
1
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0.9
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F1
n 79
0 0.002 0.004 0.006
t*
Figure 4.5 The P independent region. This a zoom of the boxed
region in fig. 4.4. Note that curves remain close for some time.
There are a couple of curious features of the P independent
regime. First, note that low p curves actually fall faster initially than
high P curves although they are soon overtaken. The need for this is
explained on mathematical grounds in Appendix D where the
fluorescence problem for 3 = 0 is derived and compared to that for P
>> 1 above. The result is
aF* a2F*
=F , 2 = 0 (4.29)
at* ax* 2
So again the decay is governed by a one-dimensional diffusion
problem but with a diffusion coefficient of unity compared to the
smaller coefficient for non-zero y above. Because the concentrations
underlying the fluorescence are the same initially, this comparison
explains why P = 0 curves must fall faster in the neighborhood of t* =
u. · LI
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0. The P = 0 case must settle to a much higher final fluorescence
level, however, and so is eventually overtaken by the 13 > 1 case.
A second curious feature of this regime is the apparent
presence of a point for non-zero t* through which all curves pass.
This point was found in every parameter combination run thus far.
The reasons for this point are not yet understood.
At any particular fluorescence level in fig. 4.5, the difference in
t* between 13 = 0 and 13 >> 1 can be measured. This difference divided
by the mean of the limiting t*'s gives an uncertainty in t* associated
with the fluorescence level:
(4.30)
where, FI denotes the selected fluorescence level. Because y, xo/L
and &o/L are all known, the model can provide tm , and Ot* for any F*
chosen in this region. Recalling the definition of t* in eq. 4.9, and
with t and L known, tm can be used to estimate the diffusion
coefficient with
t* L2
D = m (4.31)
t
Ot* gives precisely the percentage uncertainty in D. The arbitrariness
of F* can be removed by assigning an acceptable uncertainty in the
measurement of D. For this work a 10% uncertainty is assigned. The
largest tm that produces this uncertainty is denoted by t*(10%U) and
the associated FI is denoted F*(10%U). Either t*(10%U) or F*(10%U)
can be chosen as the quantity to characterize the 13 independent
regime. Here t*(10%U) is chosen. With this eq. 4.31 becomes
Ot* =
1I
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t* (O%U)L 2
(4.32)
4.3.4 P Dependent Regime
Figure 4.6 shows that when normalized according to
F --
F 2 -2 mo
1--
(4.33)
and plotted in semi-log, all curves in the P dependent regime appear
linear. It has not yet been possible to show analytically that this is a
requirement. This discovery, however, strongly suggests that the
characteristic quantity associated with the P independent regime be
the slope of semi-log plots of F2 vs t*, denoted henceforth as F2.
1
F 0.1
0.01
0.2 0.4 0.6 0.8 1
Figure 4.6 Semi-log behavior of decay curves normalized
according to eq. 4.32. The slope of these curves in the linear
regime, denoted by F, is the quantity used to characterize
the P3 dependent regime.
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In general, F2 should depend on all four parameters, y, 0, xo/L,
and o/L. Curves documenting these will be given in sections 4.3.5
and 4.4.
The goal of analyzing the P dependent regime is to determine
filament turnover time. With D known from eq. 4.31, the turnover
time can be found by recalling the definition of 0 in eq. 4.9 and the
interpretation as the ratio of diffusion time based on cell length to
filament turnover time:
(4.34)
4.3.5 The dependence of t*(10O%U) and F on xo /L2
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Figure 4.7 The effect of varying slit position on t*(lO%U). The
quantity is constant for a given o/L until about one slit width from
the wall.
Figure 4.7 examines the effect of moving the photoactivated
band towards the wall on t*(10O%U) for different values of o/L. In
--- L = 0.1
- - iL = 0.2
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c
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general the quantity is constant for any given co/L until the slit
reaches approximately one slit width from the wall. This suggests
that so long as measurements are made more that one slit width
from the wall, t*(10%U) will be independent of xo/L. This rule-of-
thumb was found to hold independent of y.
It is not surprising that t*(10%U) grows near the wall as
diffusion must be unidirectional there, however it is a bit surprising
to see the curves actually dip prior to the rising near the wall. This
complex behavior can be understood in the following way. It is the
monomer pool that is directly sensitive to the boundary. The
influence of the wall on t*(10O%U) should thus be greatest for low P
curves because the fraction of unhindered monomer is greatest
there. The 0 = 0 curve used to compute t*(lO%U) will feel the effects
of the wall before the 13 >> 1 curves (see fig. 4.5). The result of this is
a divergence in the curves and consequently a decrease in t*(10%U).
Once the slit gets close enough to the wall, however, the effects of the
wall on the monomer pool become pronounced enough to influence
the filament pool via exchange. The curves reconverge and t*(10O%U)
rises.
Because the boundary only influences the filament population
indirectly through the monomer population, it is not necessary to
explore the effects of slit location on the F2 . F2 should be xo/L
independent so long as the criterion for t*(10%U) is met.
The inclusion of boundary conditions in the problem statement
has provided the rule that so long as measurements are made more
than one slit width from the wall, the characteristic quantities will be
independent of slit location. This reduces the parameters in the P
independent regime to 2 (co/L; y) and in the 1 dependent regime to 3
(c/L; 0; y). As this is a significant simplification, the remainder of this
development will assume measurements are made more than one slit
width from the wall.
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4.4 Measurement Protocols for Filament Turnover Times
and Diffusion Coefficients
4.4.1 General Protocol
The dependence of t*(10O%U) and F*(10O%U) on the parameters,
o/L and y is displayed in fig. 4.8. The data points in the figure
represent the results of actual simulations, the lines are provided as
guidance for interpolation. The range of y chosen, 0.25 to 4 represent
an increase from 20% to 80% of the total actin being in filament form.
The co/L levels chosen were though to be practical. Note that
t*(10%U) strongly depends on co/L, but often weakly depends on y.
Conversely, F*(10%U) is seen to be strongly dependent on y but
weakly dependent on co/L, so that the curve in b) can be used for any
c/L with less than 10% error.
An additional comment must be made concerning the effects of
slit width. Although it may be desirable for practical reasons to
extend the 3 independent regime for diffusion coefficient
measurement by using a wide slit, the dynamic contrast in
measurements is given by 1 - co /L so that increasing slit size
decreases dynamic contrast linearly.
The dependence of F2 on 0, y, and c/L is shown in fig. 4.9.
Points for co/L = 0.1 and c/L = 0.3 are identical demonstrating that
the quantity is actually independent of slit width. Note that for large
p slopes are independent of P as expected. Also note that for small 3,
slopes are approximately given by -3. This issue is explored in the
following section.
These figures provide the final pieces of information needed
for measurements of D and r from eq. 4.32 and eq. 4.34. The results
of the past few sections can be summarized with the following
measurement protocol:
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Figure 4.8 Behavior of a) t*(1O%U) and b) F*(IO%U) with varying y
and o/L. The legend for both plots appears in b). Points are the
results of simulations, curves are drawn as guides. The values in
parenthesis in a) can be applied over the entire range of y with less
than 10% error. The curve in b) can be used over the entire range
with less than 10% error.
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Figure 4.9 Behavior of F; with varying y, P, and co/L. The quantity is
independent of P for high /, and independent of co/L throughout. All
curves converge to -P for small P.
Given: Measurements are made more than one slit width from
the cell border with y, o/L, and L known.
Diffusion Coefficients:
1) Center-line decay records are normalized with the maximum
fluorescence and plotted vs. real time on linear axis.
2) Both F*(1O%U) and t*(10%U) are obtained from fig. 4.8.
3) The real time associated with a drop to F*(10%U) is noted.
4) The diffusion coefficient is obtained using eq. 4.32.
Filament Turnover Times:
5) Center-line decay records are normalized according to eq. 4.33
and plotted on semi-log with t* as the linear axis.
6) F2 is given by the slope of the linear regime.
7) p is determined from fig. 4.9.
8) With D known from step 4) the filament turnover time is
determined from eq. 4.34
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4.4.2 A Simplified Protocol for Small P
The observation was made in section 4.4.1 that for small 1, F2
is given approximately by -P. Figure 4.10a, which is a zoom near the
origin of fig. 4.9, demonstrates that the approximation P*F2 = -P is very
good for all y when P < 4. This suggests that for P < 4 fluorescence
decay is of the form
F* = F* e (4.35)2 2,o
where F is a constant. Taking the natural logarithm of the above
2,0o
equation, gives
log(F 2 ) = log(F )-D t* (4.36)2 21,0
Where t is the turnover time. The exponential of the y-intercept on
semi-log plots will reveal F . F was determined in this way2,o 2,o
over a range of 3 and y and the results are shown in fig. 4.10b. Note
that F2  appears independent of P for P < 4. It can be verified that2,o
the constant value approached by each curve as 3 decreases is
y/(l+y), so that eq.- 4.35 becomes,
* = -it*
F 2= Tye- (4.37)
2 1+y (4.37)
Recalling the definitions of 3 and t* this becomes
t
F = 1 e - . (4.38)2 (1+ y)
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This expression has many simplifying ramifications for the
measurement protocol. First of all, note that all reference to D has
been lost. This means that turnover measurements can be made
independently of the diffusion measurements for P < 4. Secondly, the
expression is reported in dimensional time, so that data records may
be fit directly, without non-dimensionalizing time. Finally, it is not
necessary to determine y from a separate assay in this regime
because it can be determined directly from the graphical data. These
ideas allow the prescription of simpler yet more expansive protocol
for p < 4:
78: Chapter 4
2 4 6 8
2 4 6 8P
Fig.ure 4.10 F2 behavior for small P. a) For P < 4, F2 is very well
approximated by -P. b) The exponential of the y intercepts from
semi-log plots converge to y/(y+1) for P < 4.
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Given: Measurements are made more than one slit width from
the cell border with colL, and L determined.
Ratios of Filamentous to Monomeric Actin:
1) Center-line decay records are normalized according to eq. 4.33
and plotted on semi-log with real time as the linear axis.
2) The linear regime is extended to t = 0 and the intercept value
is noted.
3) The exponential of this intercept gives y/(y+1). Note that this
value can be interpreted directly as the fraction of actin in
filament form.
Diffusion Coefficients:
4) Center-line decay records are normalized with the maximum
fluorescence and plotted vs. real time on linear axis.
5) With y from 3), both F*(10%U) and t*(10%U) are obtained
from fig. 4.8.
6) The real time associated with a drop to F*(10O%U) is noted.
7) The diffusion coefficient is obtained using eq. 4.32.
Filament Turnover Times:
8) Center-line decay records are normalized according to eq. 4.33
and plotted on semi-log with real time as the linear axis.
9) The filament turnover time t is the reciprocal of the slope in
the linear regime.
4.5 Summary and Further Work
A continuum model describing the steady-state dynamics of
the actin cytoskeleton has been developed to predict fluorescence
decay curves from PAF experiments. The model assumes uniform
concentrations of monomeric and filamentous actin throughout the
cell, no net growth of either pool, and a single rate of monomer
exchange between the pools. The model generates a non-
dimensional system of two coupled linear partial differential
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equations describing the spatial-temporal dependencies of the
fluorescent actin concentrations. The system demonstrates that
fluorescence decay curves depend in general on four parameters: 1)
the ratio of monomeric to polymeric actin, y; 2) the ratio of monomer
diffusion time based on cell length to filament turnover time, 0; 3)
slit width, co/L; and 4) the slit position xo/L. The system was solved
using a Fourier-Laplace transform and simulations were run to
predict fluorescence decay at the slit center-line. From these
simulations a careful protocol was prescribed for inferring diffusion
coefficients and filament turnover times from data records. In cases
where 0 is known to be small (p < 4) it was possible to prescribe a
simpler and more expansive protocol that allowed the prediction of y
as well.
The protocols described for diffusion coefficients and filament
turnover times represent the first attempt to carefully interpret PAF
data records. Turnover measurements in the past have arbitrarily
used the half-time for fluorescence as a measure of filament
turnover times (Theriot and Mitchison, 1991). The model
demonstrates, however, that the fluorescence decay is a complicated
function of the parameters and thus half-time measurements may
more accurately reflect monomer diffusion times in some cases. The
protocol should also improve estimates of the diffusion coefficients of
cytoskeletal proteins because it considers filament dynamics,
whereas the FRAP protocol of Axelrod et al. (1976) used previously
does not. Diffusion coefficients for monomer actin in cells, for
example, vary over two orders of magnitude in the literature (Wang
et al., 1982; Kreis et al., 1982; Felder, 1984).
The effectiveness of the protocol, however, is limited by the
assumptions used to generate it. The quality of these assumptions
will hopefully be borne out with experience in applying the current
protocol, and adjustments can be made. The assumptions of uniform
subunit exchange rates and uniform concentrations throughout the
cell are likely places where the model may be improved.
Chapter 5. Results
5.1 Introduction
This chapter contains results and conclusions from preliminary
PAF studies on non-sheared bovine aortic endothelial cells (BAEC).
To date only two experiments have been conducted. Furthermore,
the presence of photobleaching reduces the number of accurate data
points that can be acquired significantly and increases the error
associated with these data. For these reasons the data reported here
must be considered preliminary. Many conclusions can be drawn
from these studies, however, which are consistent with the model
and previous experiments.
5.2 Preliminary Decay Curves in Resting Endothelium
A preliminary experimental decay sequence is shown in fig.
5.1. It may be noted by eye that the loss in fluorescence during the
first 45 seconds is markedly greater than in the following three
minutes, confirming the bi-phasic predictions of the model.
Measurements of the normalized center-line fluorescence decay in
the two cells studied thus far are presented in fig. 5.2, along with the
values corrected for photobleaching according to eq. B.5 (Appendix
B). All curves are clearly bi-phasic. Errors on measured values were
computed by considering system signal-to-noise ratio and pixel
counts according to eq. 3.1. Errors were computed for corrected
values by predicting the propagation of error through the correction
algorithm.
Note that in both curves no points exist between the initial
value and the first value in the turnover regime so that the
trajectory of the diffusion regime is not known. If the first two
points are two be used to estimate this regime, more faith should be
placed in a diffusion coefficient derived from the first experiment
since the sampling frequency is nearly 5 times that of the second.
Even with more data clearly defining the diffusion regime, diffusion
coefficients may be underestimated due to diffusion occurring during
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uncaging. Clearly, the results suggest that higher sampling
frequencies and short uncaging times must be used to obtain better
estimates of diffusion coefficients.
The corrected fluorescence decay curves appear to be nearly
flat beyond the diffusion phase. As will be demonstrated in the next
section, however, these regions do yield negative best-fit slopes.
An apparent lesson from these studies is that filament
turnover times in resting endothelium are very long and that smaller
sampling frequencies should be used to clearly see the decay
associated with this region.
Since diffusion coefficient measurements require high sampling
frequencies, one consequence of photobleaching is that for the best
estimates of dynamic quantities, the two regimes must be studied in
separate experiments. A second unfortunate consequence of
photobleaching is that although corrected values may appear nearly
constant in fig. 5.2, the true fluorescence is rapidly reducing to
background. The ability to make reasonable corrections is lost as this
happens, and thus the number of corrected values that can be
obtained is limited.
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Endothelial
cell
UV band
Figure 5.1 A PAF image sequence. A phase contrast picture of the endothelial cell
and the UV slit is shown in the first frame. The subsequent frames are fluorescence
images. The drop fluorescence between 0 and 45 seconds is noticeably different than
that between 45 and 225 seconds.
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Figure 5.2 Experimental decay curves for two experiments.
Behavior is clearly bi-phasic.
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5.3 Turnover Time and Diffusion Coefficient Estimations
The rapid fluorescence decay in diffusion regimes and slow
decay in turnover regimes of fig. 5.2 suggest that 0 is very small. It is
therefore likely that the protocol of section 4.4.2 can be used. This
hypothesis will be tested in retrospect once estimates of P have been
generated from the decay curves.
The corrected data of fig. 5.2 is renormalized according to eq.
4.33 and plotted in semi-log fashion in fig. 5.3. For experiment a),
estimates of co/L and L were 0.2 and 40 ptm respectively, whereas for
b), estimates were 0.1 and 70 gpm respectively. The exponential
decay equations derived from fits to the turnover regime (all data
after the first point) are shown in the figure. The coefficients of the
exponents are precisely the y intercept of the semi-log plots. As
explained in 4.4.2, this number can be interpreted directly as the
fraction of total actin that is polymerized. The coefficient of t in the
exponential is the reciprocal of the turnover time. Interpreting the
results as such, a) and b) give estimates of the filament fraction of
0.6 and 0.7 respectively, and of the turnover time of 12.6 minutes
and 35.9 minutes respectively. The filament fractions computed
correspond to y's of 1.5 and 2.3 respectively. Using these values and
estimating the diffusion regime by the first two points of each curve,
the data in fig. 5.2 and fig. 4.8 are used to arrive at diffusion
coefficient estimates of 2.45 x 10-8 cm 2 /s for a) and 4.19 x 10-9
cm 2 /s for b). As mentioned above, the second estimation suffers
more than the first from a lack of continuous data in the diffusion
regime because the sampling frequency was about 5 times slower in
this experiment.
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Figure 5.3 Semi-log plots of renormalized data. The results of
exponential curve fits to the turnover regimes are shown in the
figures.
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To asses the quality of the measurement protocol, a simulation
was run with D = 2.5 x 10 -8 cm 2 /s, y = 2.3 and f3 = .9 and is shown in
fig. 5.4. Except for the diffusion coefficient which was determined
from the first experiment, the other estimates are those of the
second experiment. The data from this experiment are also shown in
the figure and are in very good agreement with the simulation.
F/F
1
0.9
0.8
0.7
0.6
0.5
0 40 80 120 160 200
t (sec)
Figure 5.4 Test of the measurement protocol of section 4.4.2 A
simulation run with parameter estimates from the data iscompared
to actual data.
5.3 Comparison with Previous Results
5.3.1 Bi-phasic Behavior
Although the FRAP experiments of Wang (1982) and Kreis et al.
(1982) centered around the measurement of diffusion coefficients,
both experimenters noted a bi-phasic recovery with a rapid initial
recovery on the order of seconds, followed by a long term recovery
on the order of minutes. This behavior was attributed to the
presence of populations of differing diffusivities. The populations
were unfortunately termed "mobile" and "immobile" fractions and
0.5
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this language has become imbedded in the literature (Giuliano and
Taylor, 1994). As the data records of Kreis et al. (1982) shown in fig.
5.5 demonstrate however, the later recovery actually proceeds to
completion so that "mobile" and "less mobile" would have been more
appropriate terminology.
The work of this thesis suggests that the bi-phasic behavior is
due to a transient burst of free monomer diffusion superimposed on
slower filament turnover. The first conclusion drawn from
comparisons then is that both experimental and model predictions of
bi-phasic behavior of data records are confirmed by previous
studies.
5.3.2 Filament Fraction
The estimates of filament fractions between 60% and 70% of
total actin are quite high compared to the Lowery assay data of
Satcher (1993) which estimate this number at 30%. One possible
explanation for this discrepancy is that with uncaging times on the
order of seconds, diffusion may have proceeded to a substantial
degree before measurements are taken. The result of this would be
a low estimate of the initial fluorescence so the normalized data is
shifted upward compared to true values, and the filament fraction is
overestimated.
5.3.2 Diffusion Coefficient
In vivo actin monomer diffusion coefficient estimates have
been obtained in the FRAP studies of Wang et al. (1982), Felder
(1984), and Kreis et al. (1982). The estimates vary between 10- 9
cm 2 /s and 10- 7 cm 2 /s. The protocols used for determining diffusion
coefficients from data records are those of Axelrod et al. (1976),
which relates half-times for fluorescence recovery to diffusion
coefficients. So long as measurements are made in the diffusion
regime, this protocol should yield accurate results. The
measurements will be contaminated, however, if the transition
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between the diffusion and turnover regimes occurs before 50%
fluorescence levels have been reached. Although the protocol
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Figure 5.5 Fluorescence recovery records of Kreis et al. (1982) in
chicken gizzard cells. The different curves are for different locations
within the cell. Kreis noted a fraction of the recovery occurred
within seconds with the remaining recovery continued over 30
minutes.
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applied to determine diffusion here accounts for filament dynamics,
the experiments conducted thus far are not optimal enough to
resolve these discrepancies. It may only be noted that the
preliminary estimates obtained here fall within the range of the
previous estimates.
5.3.4 Turnover
There is evidence to support turnover times on the order of
tens of minutes. The long term recovery in the FRAP experiments of
Kreis (1982) appears on this scale (fig. 5.5) (other investigators did
not make measurements for such long times). Furthermore, these
times are consistent with actin microinjection studies which have
found that fluorescently labeled actin incorporates into all levels of
the cytoskeleton in around 30 minutes (Kreis, 1979; Taylor and
Wang, 1978; McKenna et al., 1988).
An additional argument may be made for turnover times on
the order of tens of minutes in resting cells, by making the
assumption that all disassembly in vivo occurs from the pointed ends
of filaments. This assumption is based on the fact that pointed ends
in cells appear to always be free but cannot compete with monomer
sequestering proteins for cytoplasmic monomer (Carlier, 1993).
Under these conditions, monomer loss from pointed ends should be
continuous at a rate equal to the disassociation constant of .11 s- 1 for
these ends (Jamney and Stossel, 1986). Barbed ends on the contrary,
experience explosive growth and are thought to be usually capped in
vivo (Stossel, 1993). At steady-state disassociation from pointed
ends might be balanced by periodic bursts of growth due to
uncapping events at barbed ends. Assuming filament lengths in
endothelium of 500 monomer, as suggested by Satcher (1993), this
simple model predicts filament turnover times around 75 minutes.
The turnover times reported here are nearly two orders of
magnitude longer than estimates of Theriot and Mitchison (1991) on
the order of 20 seconds in motile fibroblasts. One possible
explanation for the discrepancy is that Theriot and Mitchison use
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fluorescence decay half-times as their measure of filament turnover.
The model cautions, however, that with low filament to monomer
ratios, half-times for fluorescence decay may more accurately reflect
the diffusion time of actin monomer. It is also possible, of course,
that turnover times do vary by two orders of magnitude when
comparing rapidly moving fibroblasts with resting endothelium.
5.4 The Suggestion of Small 3
Using D = 2.5 x 10- 8 cm 2 /sec, p's for the experiments are
estimated at 0.863 (fig. 5.2a ) and 0.9091 (fig. 5.2b). Recall that the
criterion for applying the simpler protocol in section 4.4.2 to less
than 10% error was p < 4, so that our use of the protocol above is
justified. Note that if this is later shown to be the general
physiological case, curve fitting PAF data records will be very simple.
Turnover times on the order of 10 seconds, however, with the above
diffusion coefficients, produce 1's on the order of 50, so that the more
complex protocol must be used.
5.5 Summary and Further Work
To this point two PAF experiments on non-sheared BAEC have
been conducted. Preliminary estimates of filament turnover times
are on the order of tens of minutes. The best estimate of monomer
diffusion coefficients thus far is 2.5 x 10-8 cm- 2 /sec. Although
similar estimates of both of these numbers are available from the
literature, differing estimates also exist. More experiments must be
conducted to resolve these discrepancies. The fraction of actin that is
in polymer form has also been determined in these studies at around
65%, however this value may be influenced by long uncaging times.
The number does not agree with the only estimate available in the
literature (30%, Satcher,1993).
Many important conclusions can be drawn from these studies.
First, the turnover times and diffusion coefficient estimates reported
give 13's around 1. If this is found to be the general case in
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physiological systems, the simplified curve fitting protocol of section
4.4.2 may be prescribed for general use. This is an important
simplification because for this y does not need to be estimated in a
separate assay. Secondly, experiments show that due to the different
time scales for diffusion and turnover, and the fact that
measurements must be limited to minimize photobleaching, future
estimates of diffusion coefficients and filament turnover with the
current hardware should be obtained from separate experiments.
Chapter 6. Conclusions
The actin cytoskeleton of endothelial cells undergoes a
dramatic reorganization in response to shear stress at the cell
surface. This rearrangement has important implications for
endothelial cell physiology and monolayer permeability. The
cytoskeleton is a highly dynamic system, and rearrangement likely
occurs through a regulation of its dynamic state.
The product of this thesis is a viable technology for measuring
two fundamental dynamic properties of the actin cytoskeleton,
filament turnover and monomer diffusion coefficients. The
experimental technique uses is photoactivation of fluorescence (PAF)
(Theriot and Mitchison,1991). The technique produces a local region
of fluorescently labeled actin in a living cell. The time course of the
fluorescence decay in the region reveals monomer diffusion
coefficients and filament turnover times.
The project has proceeded through four phases:
* The synthesis of an actin derivative labeled with a
photoactivatable fluorophore (caged-actin)
* The design and assembly of PAF hardware and prescriptions for
its use.
* The development of a model of fluorescence decay from a
photoactivated band for careful interpretation of data records.
* Preliminary experiments demonstrating the viability of the
system, the effectiveness of the measurement protocol, and early
estimates of the filament turnover times and monomer diffusion
coefficients in living cells.
Caged-resorufin-iodoacetamide was synthesized according to
Theriot and Mitchison (1991) and successfully coupled to actin. The
product was shown to be polymerization competent in vivo and in
vitro. Although resorufin-iodoacetamide has the desirable
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characteristics that it may readily be caged and coupled to actin, it is
highly photoliable and has a relatively low quantum yield. These
facts suggests a new probe be developed for future use (section 2.7).
The hardware required for PAF experiments has been
assembled and demonstrated to be functional. The operating
characteristics of the system have been studies and optimized
wherever possible. Long uncaging times, low fluorescence levels, and
slow camera response times suggests upgrading some system
components (section 3.5). Rapid photobleaching of the fluorophore,
and slow camera rise time made it impossible to exclude
photobleaching decay from data records, and it was necessary to
corrects data for the photobleaching effects (Appendix B).
A continuum model describing the steady-state dynamics of
the actin cytoskeleton was developed. The model is used to simulate
fluorescence decay curves in PAF experiments. The model predicts
that fluorescence decay records should be bi-phasic with an initial
rapid fall in fluorescence due to monomer diffusion from the
photoactivated band and a long term decay due to the slower process
of filament turnover. By studying the effects of the system
parameters on decay curves it was possible to prescribe a careful
protocol for determining filament turnover times and monomer
diffusion coefficients from experimental data records (section 4.4.1).
This development should improve turnover and diffusion
measurements because previous measurement protocols did not
consider that both diffusion and filament turnover influenced data
records.
A limited number of experiments on non-sheared endothelial
cells have been conducted. Fluorescence decay records are bi-phasic
as predicted by the model. Preliminary estimates for monomer
diffusion coefficients and filament turnover times agree with some
estimates from the literature, but disagree with others. More
experiments may resolve these discrepancies.
As a whole, the developments of this thesis suggest a great
potential for careful PAF measurements of cytoskeletal dynamics in
the future.
Appendix A. Protocol for the Synthesis of CRIA-
Actin
This detailed protocol is courtesy Julie Theriot, personal
communication, 1993.
1. Prepare 1-(2Nitrophenyl)diazoethane according to the detailed
protocol of Walker et al.,1989. After the MnO2 oxidation step
the diazoethane may be stored in dry chloroform at -800 C for a
few months. The hydrazone can be stored dry at -200 C for
years.
2. Dissolve 10 mg (M-resorufin-4-carbonyl)-N'-iodoacetyl-
piperazine (Boehringer-Mannheim) in 100 il dry
dimethylformamide (Aldrich Sure-Seal). The mixture may be
warmed a bit if the resorufin doesn't dissolve. Save 1 gl
diluted 50-100X in acetone as a standard. This solution is
about 0.2 M.
3. Everything from here on should be done in a fume hood in the
dark (i.e. under photographic safelight, or very, very dim
incandescent light.) Transfer a two-fold molar excess of the of
the diazoethane in chloroform to a small plastic test tube.
Evaporate off the chloroform by blowing a very gentle stream
of nitrogen into the test tube from a tank, or using a speed vac.
To the dried residue, add the 100 gl of resorufin-IA in DMF.
Vortexthoroughly. Immediately remove 1 gl, mix with 1 gl
acetic acid, and dilute 50-100X in acetone for a start of the
reaction standard.
4. Mix the reaction at room temperature in the dark. It is usually
complete by about 12 hours. If it isn't complete, dry a little
more diazoethane and repeat. To follow the time course of the
reaction, remove 1 g1, add 1 gl acetic acid, dilute 50-100X in
acetone and run on thin layer chromatography plates
(Whatman PE SIL G/UV). Cut a piece about 4 inches tall and 2
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inches wide. Spot 1 gl of each diluted sample about 1 cm from
the bottom of the plate and let it air-dry completely. Run it in
a mixture of benzene and acetone at 2:1. The unreacted
resorufin-IA is a bright pink spot near the origin. The products
are the two prominent orange spots about halfway up. They
may be checked on the TLC plate by shining UV light on the
plate for a few minutes, waving the plate over the fumes from
a bottle of ammonium hydroxide (this makes resorufin much
more fluorescent), and then shining green light on the plate
and looking for fluorescence. The products should be non-
fluorescent before the UV uncaging, and fluorescent after; the
unreacted material should be unchanged.
5. After the reaction is complete, precipitate the products by
adding at least 10 volumes of ice-cold water, and leave the
mixture on ice for 30 minutes. Spin down the precipitate and
resuspend it in methanol or acetone, in as small a volume as
possible (aim for about 1 ml).
6. Streak the products on a preparative TLC plate (e.g. Whatman
PLK5F). If the volume is too large, streak some on, let it dry
completely, and then reload, as many times as necessary. The
whole reaction can be separated on one preparative plate.
7. After the plate has run and is dry, scrape off the two
prominent orange products. These products have slightly
different absorbance spectra, but exhibit no difference in
practical use so they may be grouped together. Chop the silica
up very fine and put it into a funnel with a fritted glass disc.
Elute the products with methanol or acetone. Blow off the
solvent with a stream of nitrogen (or speed vac), and
resuspend the products in a minimal volume of dry
dimenthylsulfoxide (50 gl or so). Dilute 1 gl 2000X in
methanol with lithium hydroxide and read the absorbance
Protocol for the Synthesis of CRIA-Actin: 97
spectrum before and after activation to see if it works and to
measure the concentration. Yields should be at least 20%.

Appendix B. Photobleaching
B.1 Derivation of the Correction Algorithm
Although the mechanisms responsible for photobleaching
remain unknown, the phenomenon has been successfully modeled as
a first order reaction with a rate constant proportional to excitation
intensity
dC
= -TIC (B.1)
dt
where rl is a proportionality constant (Axelrod et al., 1979; Benson et
al., 1985; also see fig. 2.5). Assuming fluorescence is proportional to
concentration, the corresponding expression for fluorescence is
dF
= -rIF (B.2)dt
If the only contribution to fluorescence decay during an excitation
exposure interval is due to photobleaching, the final fluorescence
during the interval, Ff, can be related to the initial fluorescence, Fi,
by integrating B.2 over the exposure interval
F = (F. -F F)e-At / T +F (B.3)
where At is the duration of the exposure, T is the time constant for
the photobleaching process, and Foo is the fluorescence at infinity.
Since the camera is steadily rising during the exposure interval only
the final fluorescence value is measured accurately. The initial
fluorescence can be inferred from this final fluorescence by
rearranging eq. B.3
F -F
F.= " + F (B.4)1 -/AT I
Corrections
e
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During a sequence of measurements, the effects of photobleaching on
data points will accumulate. Defining the drop in fluorescence during
the jth exposure interval as AFj = Fi,j - Ff,j, the fluorescence at the
beginning of the ith exposure interval is given by
F -F n
F. + F + AF. (B.5)i,n -At/T oTj=1 (
Equation B.5 is the correction algorithm. If the photobleaching
process can be well characterized and is the only contributor to
fluorescence decay during exposure intervals, substituting measured
data (a series of Ff's), along with the photobleaching parameters into
B.5 will produce a series of corrected values (a series of Fi's).
B.2 Correction Demonstration
The ideas of this appendix are clarified with fig. A.1. The dark
dots can be thought to represent the ideal fluorescence
measurements in a completely uncaged cell. Since it is completely
uncaged, the fluorescence will not decay due to monomer diffusion or
filament turnover, and periodic measurements of the fluorescence
will be steady. With photobleaching, however, the fluorescence will
fall during each exposure to a level determined by the initial
fluorescence, the. exposure interval, the photobleaching time
constant, and the fluorescence at infinity, as shown. The decay curve
shown in the figure was generated by simulating exponential decay
during exposures with T = 4 sec, At = 425 ms, F = 10. The
simulated measurements deviate significantly from the constant
values after only a few measurements.
The constant data in the figure was actually generated by
substituting the simulated measurement values along with the
photobleaching parameters and exposure interval into eq. B.5. The
figure therefore demonstrates the ability of eq. B.5 to correct data for
photobleaching.
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Figure A.I Photobleaching correction demonstration. The falling
data simulates the effects of photobleaching on fluorescence
measurements during excitation exposure intervals. The constant
data above was generated by substituting the simulated data into eq.
B.5 along with the parameters shown.
It is important to note that the correction can only be applied
in the case that the photobleaching parameters can be accurately
measured and photobleaching is the only process contributing to
fluorescence decay during the exposure intervals. It was
demonstrated in fig. 2.5 that the photobleaching process can indeed
be very well characterized. For photobleaching to be the only
contributor to decay during exposure intervals, however,
photobleaching times should be smaller than the characteristic times
for diffusion and turnover. The preliminary data of Chapter 5
suggests diffusion times are on the order of 10 seconds while
turnover times are on the order of 20 minutes. Equation B.5.,
therefore, might be expected to give accurate corrections for
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turnover dominated data, but less accurate corrections for diffusion
dominated data.
Appendix C: The Detailed Solution of the Non-
Dimensional Problem
C.1 Statement of the Non-Dimensional Problem
For convenience we repeat the system eqs. 4.13 - 4.16 here:
ac* 2C*
rn m + ^ff(C -C*)
at* a m (C.1)
acft * *
S- -(C - ) (C.2)
at f m
with,
ac*
ax* *
x 0
ac*
= 0, m
ax* ,
X =
xo/L
C.2 Eigenfunctions for the Fourier Transformation
The system is solved using a Fourier-Laplace transform. In
order to do a Fourier transform we must choose a suitable basis of
eigenfunctions. The homogeneous problem associated with equation
C.1 is
=0
m
C
f
(C.3)
(C.4)t*=O
(oL
I
!
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a2C *
m 7-Cm
x* 2
Separation of variables on this system with the assumed solution C
m
= X(x*).T(t*) leads to
t
m
T
(C.6)X"
X
where X is constant. The associated eigenvalue problem is then
X" + (2_ - )X = 0 (C.7)
m m
X' =
mix = 0
= 0 X' *
mx =1
= 0 (C.8)
Defining a = (yI1 - A2 ), and examining the three cases a > 0, a < 0, and
a = 0, reveals non-trivial solutions in the second and third cases only.
The complete set of orthonormal eigenfunctions is given by
Yo = 1, k = 0; k = V cosakx*, k = 1,2,3,...oo, (C.9)
with ok = ick.
Similarly, writing the homogeneous problem associated with
eq. C.2, and assuming Cf = X(x*) T(t*) gives
XfT = -3XfTf (C.10)
which implies that the corresponding eigenfunctions are arbitrary,
and we can use the yk to transform the entire system.
ac*
at* (C.5)
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C.3 Fourier Transform
To transform the system note eqs. C.7 and C.8 constitute a
Sturm-Liouville system with a weight function of unity.
transform associated with the system is therefore
1
m (Ok) = JC ykdx*
0
The
(C.11)
Applying the transform to eq. C.1, and interchanging spatial
integration with time differentiation gives
C
1 a2C* -c
S x2MYkdx + f(C - C (C.12)
Integrating by parts,
*ac* 1
m m Yk
m ax* YkO
laC* y 
-* 
-
-1cm kdx* + y(C )
0 ax* ax* f m0
However, the first term is zero by eq. C.3. Integration by parts once
more gives,
C* -* ak
m m ax *
1 ac* a2  - *
+ J Mx* dx * + B( C)
0 ax * ax *2 f m
The first term again evaluates to zero because each yk satisfies eq.
C.8. Finally, noting that
S- •2k = - t2k2y , k=0,1,2,...coakx 2yk= k (C.15)
(C.13)
(C.14)
C
m
= - t2k2C + yfP(C - C )
m f m (C.16)
The transform of eq. C.2 is simply
Cf = -P(C 
-Cm) (C.17)
The initial conditions must also be transformed. Substituting eq. C.4
into eq. C.11 gives
-cs= ý
m,o
xo Co
L 2L
= J Ykd x *
xo C
L 2L
(C.18)
And with Yk from eq. C.9
S- , k=0
L
[sin•k(x I 2 ) sin k(x
- k L 2L kL 2L
ak
k= 1,2,...oo
C.4 Laplace Transform
The Laplace transform defined as
oo
=* 
- * stdt(a ,s) = e- dt
mk m
is applied to eq. C.16 and eq. C.17 respectively to give
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the transform of eq. C.1 becomes
Cf 0
Cf, o
f , 0
-C= m, o
m,o 0
f,o
= U*
-C9
m, o
(C.19)
(C.20)
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sC -Cf
f f,o
Solving for C , C
m'f
C
m
f
-C* (
m, o f, o
(s-s1)(s-s 2)
S(s+p+ )+P?
f,o k m,o
(s - sl )(s - s 2 )
-2 - ((yY+1)+ ( 0P+ff) 2
_ 4a2
s1 =
S- • - c( +1) - (0 +ip+Y) 2 
_ 402
s2 =2 2 2
C.5 Inverse Laplace Transforms
With the transformed concentrations expressed explicitly in eq.
C.23 and eq. C.24, the inverse Laplace transforms can be obtained
using standard tabulated inverse identities.
s* -*
sC -C
m m, o
(C.21)
(C.22)
with,
(C.23)
(C.24)
(C.25)
(C.26)
S-2 * *k - C 2 + PY(C f- C )
=* *= -p(C -f m
The results are
108: Appendix C
m
yp(e t - e 2t+ 1
(s1 - s2 )
+ 2 + p(1k + y)) - es2t (s2 + 02 + 3(1 + y))k
C.6 Inverse Fourier Transforms
The inverse Fourier transforms are
C
m
given simply by,
= C Ykk= 0
(C.29)
and
C = Cfyk (C.30)
k=0
Defining the time dependent factors in eq. C.27 and eq. C.28 as
est (s1 + )-es2
(s1 - s2 )
(s 2+  ) yp(et - es2t
(s1 -s 2 )
, (C.31)
and
C
m, o
I /I
and
Cf
f
(C.27)
est (s
Cf
f ,
(C.28)
(S1 - s2)
s1t  e(PS2 p)
e (sl + 0) (se,( + )
(s1 - s 2)
P2 (t) =
(s 1t c(s + 1 +y))-e 2 (s2 + + P(1 + ))
(s1 -s 2 )
and employing eq. C.9, and eq. C.19 gives finally
L
LC*m
2 1 xE -[sin nk( oS k L
X
+ sin nk ( oL + )]Pl (t) cos nkx *
and
X
+ sin nk ( oL + )]2 (t) cos rkx *
Detailed Solution: 109
(C.32)
(C.33)
* C* )
C = -+f L
1 [sin nk ( ok L
2 00
2 =C ..
(C.34)
Solution: 109Detailed

Appendix D: The Limiting Behavior of Center-line
Decay Curves
D.1 The Behavior of Center-line Decay Curves as
--> 00
The convergence of fluorescence decay curves for high 13 in fig.
4.4 can be understood from eq. 4.13 and eq. 4.14.
4.14 into eq. 4.13 and rearranging terms,
a(C* + C a2 c*
m fV m
at* - * 2
However, recalling eq. 4.25 this is equivalent to
a(F*)
at*
1 a2C*
( + 1) ax* 2
Substituting eq.
(D.1)
(D.2)
Because only two terms exist in eq. 14, scaling requires that each
term be of order unity for non-trivial solutions. Clearly then
Cf -C m , + --* o (D.3)
Substituting this result in eq. 4.25 gives
F * = C* = C , ~ oof
So that eq. D.2 becomes
a(F*)
t *
(D.4)
1 "2F*
ax* 2
(D.5)
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So that fluorescence decay for P -4 ow is independent of P itself.
D.2 The Behavior of Center-line Decay Curves for P = 0
For p = 0, eq. 4.13 and eq. 4.14 reduce to
ac m _
at*
a2C2
ax* 2
(D.6)
and
af _
at"
(D.7)
So Cf is constant at its initial value of 1.
homogeneous, A Cm + B where A and B
Since D.6 is linear and
are constants must also
satisfy the equation. Choosing A = 1/(l1+y) and B = y/(1+y), gives F* in
eq. 4.25, so that the problem for fluorescence with P = 0 is given by
F* a 2 F*
at* ax* 2
(D.8)
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